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Chapter 3
Reproductive biology, periodicity and seasonal synchrony of male and
female yellow stingrays, Urobatis jamaicensis (Myliobatiformes:
Urotrygonidae) during the biannual reproductive cycle in southeast Florida.
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Chapter 4
Morphogenesis of the endometrium and trophonemata during the
biannual reproductive cycle of the yellow stingray, Urobatis jamaicensis
(Cuvier, 1817) (Myliobatiformes: Urotrygonidae)
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Chapter 5
Oviducal gland structure, distribution of sperm and potential alternative
sites of sperm storage and fertilization in the yellow stingray, Urobatis
jamaicensis (Cuvier, 1817) (Myliobatiformes: Urotrygonidae) during the
seasonally biannual reproductive cycle
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A. April, formation of lobular collecting ducts (CD), B. evacuated SVII spermatocysts (TZa).
Figure 3.24. U. jamaicensis terminal zone (TZ) of testicular lobule with extensive accumulations of
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Figure 3.25. U. jamaicensis, gross anatomy of male genital tract, (p. 45) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 426
A. in situ, B. Excised, C. Enlarged view of distal segments.
Figure 3.26. Example of U. jamaicensis testis, illustrating the initial formation of the Intratesticular
Duct (ITD) system within nests of primordial spermatocysts, (p. 47) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 427
Figure 3.27. U. jamaicensis, ITD system, duct cells attached to SIIa spermatocyst, (p. 47) ∙∙∙∙∙∙∙∙∙ 428
Figure 3.28. Intratesticular Ducts (ITD) associated with varying stages of spermatogenesis, (p. 47)
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A. Pre-meiotic zone (SII), B. Interconnected branches between SIIb spermatocysts, C. Pre-meiotic
zone with differentiated spermatocysts, D. Emerging degenerative zone (DZ) cord of
differentiated Sertoli cells surrounded by duct cells (DC) traversing meiotic (SIII) and post-meiotic
zones (SIV), E. Meiotic zone (SIII) with interspersed hypertrophied Sertoli cells with formation of
patent duct, F. Patent duct connected to evacuated SVII spermatocyst.
Figure 3.29. Male U. jamaicensis, cluster of hypertrophied Sertoli cells following degeneration of
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A. Evacuated spermatocyst, B. Segmental branches of the collecting ducts.
Figure 3.31. U. jamaicensis, initial formation of testicular collecting ducts from multiple ITD with
subsequent convergence into larger branches, (p. 47) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 431
A. Degenerative zone, B. Terminal zone, C. Spermiated spermatocyst, branches converging into
segmental collecting duct, D. Longitudinal and transverse sections of segmental branches of
collecting duct, E. Lobular collecting ducts adjacent to longitudinal collecting duct, F. Longitudinal
collecting duct
Figure 3.32. U. jamaicensis, testicular collecting ducts (CD) during the degenerative phase (p. 48)
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A. April, converging branches of CD in terminal zone, B. Converging branches of CD and luminal
contents, C. April, CD epithelium composed of duct cells, collapsed spermatocysts and
hypertrophied Sertoli cells, D. April, CD and hypertrophied Sertoli cells, surrounded by spermiated
masses, E. April, large branch of segmental CD, F. September, longitudinal section of lobular CD.
Figure 3.33. U. jamaicensis, testicular longitudinal collecting duct, (p. 49) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 433
Figure 3.34. U. jamaicensis, ciliated columnar epithelium of testicular collecting duct (p. 49) ∙∙∙ 434
Figure 3.35. U. jamaicensis, ductus efferens (efferent ducts), (p. 50) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 435
A. Terminal branching of efferent ducts, B. Simple ciliated columnar epithelium with secretory
and ciliated cells, C. Distal portion of efferent ducts with irregular epithelium, D. Efferent duct
transitional junction with anterior epididymis , E. Ductal-epididymal junction, F. Ductal-epididymal
junction with rapid transition in luminal epithelia morphology.
Figure 3.36. U. jamaicensis, anterior epididymis (p. 51) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 436
A. November, initial segment with compound acini, B. December, transition between the initial,
proximal and distal segments of anterior epididymis, C. December, enlarged view of transitional
region, D. December, initial segment epithelium with compound acini, E. December, proximal
segment with secretory material, F. December, distal segment epithelium with eosinophilic
secretions.
Figure 3.37. U. jamaicensis, transitional zone between anterior (proximal-distal segments) and
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A. Anterior and medial epididymis during peak copulation (March), B. Testicular regression (April),
C. Non-reproductive period (May), D. Early testicular recrudescence (October), E. Late testicular
recrudescence transition between anterior and medial epididymis (December), F. Late testicular
recrudescence (December).
Figure 3.38. U. jamaicensis, medial epididymis (cuboidal epithelium) (p. 52) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 438
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A. February, peak copulation, B. March, peak copulation, C. April, testicular regression and
minimum GSI, D. May, testicular regression and minimum GSI, E. October, early recrudescence,
F. November, early recrudescence, G. December, late recrudescence, H. December, ciliated
cuboidal epithelium.
Figure 3.39. U. jamaicensis medial epididymis with ciliated low columnar epithelium (p. 52) ∙∙∙ 439
A. Nonreproductive period (November), B. Transition between medial and posterior epididymis.
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A. Transition from medial to posterior epididymis, B. Same section with a further distal
progression, C. Posterior epididymis with reappearance of longitudinal ridges, D. Enlarged view of
posterior epididymis epithelium.
Figure 3.41. U. jamaicensis epididymal-ductal junction with highly irregular, ciliated columnar
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A-C. Enlarged views of epididymal-ductal junction.
Figure 3.42. U. jamaicensis ductus deferens epithelium and luminal contents, (p.53) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 441
A. March, peak copulation with extensive secretory (blebs), B. March, luminal contents with
densely packed linear sperm aggregates, C-D. November, testicular recrudescence with reduced
luminal contents, E. December, peak GSI (C1) with increased height in epithelium and secretory
activity, F. December, densely packed luminal contents with both linear aggregates and
individually unaligned sperm.
Figure 3.43. U. jamaicensis seasonal variation in luminal diameters of the ductus deferens, (p. 54)
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A. January, peak GSI (C1) prior to copulatory period, B. February, early testicular regression, C.
March, late testicular regression and occurrence of peak copulatory period, D. April, minimal GSI
(transition between C1-C2) with depleted contents and reduced luminal diameter, E. May, brief
recovery in spermatogenesis (C2), F-G. October, early recrudescence (C1) period and following
the primary degenerative phase, H. November, depleted luminal contents during continued
degenerative phase, I. December, late recrudescence.
Figure 3.44. U. jamaicensis, Leydig gland with excretory ducts, (p. 54) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 443
A. Branched excretory ducts, B. Highly ciliated epithelia of excretory ducts with branches
terminating into LG tubule.
Figure 3.45. U. jamaicensis, Leydig gland epithelium, (p. 54) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 443
A. Ciliated columnar epithelium with numerous secretory cells and scattered ciliated cells, B.
Coiled Leydig gland (LG) tubules.
Figure 3.46. U. jamaicensis, seminal vesicle epithelium (p. 55) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 444
A. Transverse septae with ciliated columnar epithelium, B. Pinnately branched secondary ridge of
transverse septae with ciliated columnar epithelium, C. Luminal mucosa with ciliated cuboidal
epithelium, D. Apex of transverse septae with irregularly arranged smooth muscle fibers.
Figure 3.47. U. jamaicensis, seminal vesicle with transverse septa (p. 55) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 445
A. February, peak copulatory period, B. April, testicular regression and minimal GSI, C. May,
minimal GSI with brief proliferative phase (C2), D. June, early recrudescence, E. June, early
recrudescence (C2) with disaggregation of remaining luminal sperm, F. July, second peak in GSI
(C2) and copulation, G. August, continued second copulatory period, H. September, completion
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of C2 copulatory period and peak testicular degenerative phase, I. October, early testicular
recrudescence with continued disaggregation of luminal sperm and reduced contents, J-K.
November, late recrudescence with limited or depleted luminal sperm, L. December, onset of
peak GSI (C1) with increased luminal contents and reappearance of linear sperm aggregates.
Figure 3.48. U. jamaicensis seminal vesicle with “nearly” transverse septae forming a lattice of
spiraling apertures and compartmentalized sperm aggregates, (p. 55) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 446
Figure 3.49. Male U. jamaicensis, luminal contents of genital ducts (p. 56) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 446
A. April, sperm mass in TZ of testis with a cluster of secondarily differentiated Sertoli cells, B. April,
initial segment of epididymis with numerous luminal elements.
Figure 3.50. U. jamaicensis, luminal contents of medial epididymis (p.56) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 447
A. January, B. February, C. March, D. April, E. May, F. October, G. October, H. November, I.
December.
Figure 3.51. U. jamaicensis, luminal contents of posterior epididymis, (p. 56) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 447
A. January, B. April, C. April, D. October, E. October, F. December.
Figure 3.52. U. jamaicensis, luminal contents of ductus deferens with Sertoli cell remnants, Sertoli
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A. January, B. February, C. March, D. April, E. May, F. October, G- H. November, I. December.
Figure 3.53. Male U. jamaicensis, luminal contents of seminal vesicles with bimodal patterns of
formation and disaggregation of linear sperm aggregates, (p. 56) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 449
A. January, densely packed aggregates during peak GSI, B-C. February and March, luminal
contents remained densely packed during the peak copulatory period, D-E. April and May,
accumulation of sperm aggregates during testicular regression and reduced mating, F-G. June,
loosely formed clusters and disaggregated luminal sperm during the onset of C2 testicular
recrudescence, H. July, testicular recovery and replenished luminal sperm aggregates during (C2)
peak GSI, I. August, second peak copulatory period, J. September, degenerative conditions with a
second disruption and initial disaggregation of luminal sperm contents during the onset of the
second recrudescent phase, K-M. October, disaggregation of luminal sperm more prevalent, N-P.
November, continued disaggregation and depletion of luminal sperm, Q-R. December, dense
accumulations of linear sperm aggregates during the recovery of testicular lobules and elevated
GSI.
Figure 3.54. Female U. jamaicensis, mean monthly Gonadosomatic Index (GSI), (p. 59) ∙∙∙∙∙∙∙∙∙∙∙∙ 450
A. total combined cycles (CC), B. Reproductively active (RA) CC, C. Non-reproductively active (NR)
CC, D. Cycle 1 (C1), E. Cycle 2 (C2).
Figure 3.55. Female U. jamaicensis, mean GSI separated by uterine stage (U) of reproductively
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A. Combined cycles (CC), B. Cycle 1 (C1), C. Cycle 2 (C2).
Figure 3.56. Female U. jamaicensis mean monthly Hepatosomatic Index (HSI), (p. 61) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 452
A. Total combined cycles (CC), B. Reproductively active (RA) CC, C. Non-reproductively active (NR)
CC, D. Cycle 1 (C1), E. Cycle 2 (C2).
Figure 3.57. Female U. jamaicensis, HSI separated by uterine stage, (p. 61-62) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 453
A. Combined cycles (CC), B. Cycle 1 (C1), C. Cycle 2 (C2).
Figure 3.58. Female U. jamaicensis, mean monthly Largest Follicle Diameter (LFD), (p. 62) ∙∙∙∙∙∙∙ 454
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A. Total combined cycles (CC), B. Reproductively active (RA) CC, C. Non-reproductively active (NR)
CC, D. Cycle 1 (C1), E. Cycle 2 (C2).
Figure 3.59. Female U. jamaicensis, mean Largest Follicle Diameter (LFD) analysis by uterine stage
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A. combined cycles (CC), B. cycle 1 (C1), C. cycle 2 (C2).
Figure 3.60. Scattergram plots of Largest Follicle Diameter (LFD) on daily scale for each uterine
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A. U3, B. U4, C. U5, D. U6, E. U5a-e.
Figure 3.61. Female U. jamaicensis, monthly ovarian development (gross morphology) with
concurrent uterine stage of embryonic development, (p.65)
A-D. January, E-F. February, G-H. March, I. April, J-K. May, L-M. June, N-P. July, Q-R. August
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S-Y. September, Z., I-V. October, VI-VII. November, VIII-X. December ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 458
Figure 3.62. Female U. jamaicensis, mean monthly Largest Follicle Diameter (LFD) superimposed
with mean monthly embryo size for cycle 1 and cycle 2 (p. 65) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 459
Figure 3.63. Female U. jamaicensis, scattergram plot of LFD vs. Embryo Size, (p. 65) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 460
A. Combined cycle (CC), B. Cycle 1 (C1), C. Cycle 2 (C2).
Figure 3.64. Scattergram plot of embryo total length (TL) (mm) on daily scale, (p. 66) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 461
A. Normal calendar year, B. Data from C2 extended beyond 365 days to more clearly visualize the
continuous pattern of development.
Figure 3.65. Scattergram plot of embryo total weight (TW) (g) on daily scale (p. 66) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 462
A. Normal calendar year, B. Data from C2 extended beyond 365 days to more clearly visualize the
continuous pattern of development.
Figure 3.66. U. jamaicensis, Uterine Stage and gross morphology of female genital tract, (p. 66)
A. June, immature (U1), B. June, onset of development (U1/2), C. June, elongation of uteri (U2)
and onset of oviducal gland (OG) zonation, D. April, elongating uteri (U2/3) with mature follicles,
E. March, morphologically mature “virgin” (U3), F. February, (U4) – right side (U3), never used
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G. January, (U4) – right side prepared for use, H. January, (U4) left side with 2 ova, right side
expanded with fluid only, I. March, (U4 and U5a), J. September, (U5a) – left side active (right side
previously used but empty), K. September, (U5b), L. January, (U5c) only left uterus active
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M. June, (U5d) both uteri active, N. January, (U5e) left side active, O. September, (U5e), P. Same
animal as (O) post-partum, (U6), Q. August, (U6) birth on boat 1-hr post capture, R. March, (U3/6)
postpartum (left uterus) recovering and partially distended with uterine fluids
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Figure 3.67. Uterine Fecundity, mean values for each size class (4-7), (pp. 68-69) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 466
A. Left vs. right uterine fecundity for combined cycles (CC), B. Uterine fecundity cycle 1 (C1) vs.
cycle 2 (C2), C. Left vs. right uterine fecundity (C1), D. Left vs. right uterine fecundity (C2).
Figure 3.68. Scattergram plots of maternal size-brood size relationships; linear regressions for
total observations of maternal female U. jamaicensis, (p. 70) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 467
A. Combined cycle (CC), B. Cycle 1 (C1), C. Cycle 2 (C2).
xi

Figure 3.69. Scattergram plots of maternal weight-brood size relationships; linear regressions for
total observations of maternal U. jamaicensis, (p. 70) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 468
A. Combined cycle (CC), B. Cycle 1 (C1), C. Cycle 2 (C2).
Figure 3.70. Scattergram plots of maternal size-embryo size relationships; linear regressions for
term stage female U. jamaicensis and relative mean size of embryos per brood, (p. 70) ∙∙∙∙∙∙∙∙∙∙∙ 469
A. Combined cycle (CC), B. Cycle 1 (C1), C. Cycle 2 (C2).
Figure 3.71. Scattergram plots of maternal weight-embryo weight relationships; linear regressions
for term stage female U. jamaicensis and relative mean weight of embryos per brood, (p. 70)
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A. Combined cycle (CC), B. Cycle 1 (C1), C. Cycle 2 (C2).
Figure 3.72. Scattergram plots of embryo size-brood size relationships; linear regressions for term
stage, relative mean embryo size and uterine fecundity (UF), (p. 70) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 471
A. Combined cycle (CC), B. Cycle 1 (C1), C. Cycle 2 (C2)
Figure 3.73. Scattergram plots of embryo weight-brood size relationships; linear regression for
term stage, relative mean embryo weight and uterine fecundity (UF), (p. 70) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 472
A. combined cycle (CC), B. cycle 1 (C1), C. cycle 2 (C2).
Figure 3.74. Comparison of male Gonadosomatic Index (GSI) from 3 species of rays
(U. jamaicensis, U. halleri, and D. sabina) (p. 83) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 473
Figure 3.75. U. jamaicensis seminal vesicle, reproduced illustration, (p. 107) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 474
Figure 3.76. Transverse section of enlarged vitellogenic follicle; term stage, (p. 132) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 475
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Figure 4.1. U. jamaicensis, immature (U1) and maturing (U2) uteri, (p. 203) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 476
A. (U1), left uterus, B. (U2), left uterus, C. (U1) and D. (U2) basal crypt (BC), E. Sagittal view of (U2)
trophonemata (TR), F. Transverse view of (U2) trophonema.
Figure 4.2. U. jamaicensis, pre-ovulatory uterus (U3) and post-partum uterus (U6), (p. 205)
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A. U3, Left Uterus (C1), B. U6, Left Uterus (C2), C. trophonema (C1) with the onset of glandular
invagination of secretory crypts, D. Trophonema (C1) with small peripheral arteries, E.
Trophonema (C2) with onset of glandular invagination, F. Basal crypt (C2) with moderate
secretory activity.
Figure 4.3. U. jamaicensis, post-ovulatory stage uterus (U4), (p. 207) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 478
A. Left Uterus (C1), B. Right Uterus (C1), C. Left Uterus (C2), D. Right Uterus (C1), E. Left Uterus
(C1) basal crypt (left) and trophonemata (right), F. Left Uterus (C2) basal crypt (top) and
trophonemata (bottom).
Figure 4.4. U. jamaicensis, post-ovulatory stage uterus (U4), (p. 207) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 479
Figure 4.5. U. jamaicensis, inactive right uterus (U5a), (p. 209) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 479
A. (C1) uterine lumen with membranous tertiary egg envelope, B. Detailed view of (A) with
flattened simple cuboidal epithelium of undeveloped trophonemata.
Figure 4.6. U. jamaicensis, early stage uterus (U5a), (p. 210) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 480
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A. Left uterus (C1), B. Right uterus (C1), C. Left uterus (C2), D. Inactive, right uterus (C2), E. highly
vascularized luminal mucosa of the left uterus (C2), F. Immature, right uterus (C2).
Figure 4.7. U. jamaicensis, early stage uterus (U5a), (p. 210) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 481
A. Left uterus basal crypt (C2) with compound acini and trophonemata (TR), B. Left uterus, basal
crypt (C2) with compound acini, C. Active, right uterus (C1); proximal trophonema with less
developed acini, D. Active, left uterus (C2), distal trophonema with well-developed acini, E. Basal
crypt (C2) from inactive, right uterus (mature), F. trophonema (C2) with simple cuboidal
epithelium from inactive, right uterus (mature).
Figure 4.8. U. jamaicensis middle stage uterus (U5b) with extensive glandular development of
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A. Active, left uterus (C1), B. Inactive, right uterus (C1) (immature or never used), C. Active, left
uterus (C2), D. Inactive, right uterus (C2) (previously used), E. Inactive, left uterus (C2); F. detail of
(E) degenerative mucosa with sloughing endometrial cells.
Figure 4.9. U. jamaicensis, middle stage uterus (U5b), (p. 212) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 483
A. Active, left uterus (C2), basal crypt, B. Inactive, right uterus (C2), basal crypt, C. Basal crypts
(recessed expanse) (C1), D. Secretory crypt of trophonemata (C1), E. Inactive, left uterus (C2), F.
Inactive, right uterus (C2) with partially intact egg envelope.
Figure 4.10. U. jamaicensis, late stage uterus (U5c), (p. 213) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 484
A. Advanced late stage in utero embryo with trophonemata visible through thin, transparent
uterine wall, B. Inverted uterus with trophonemata profusely lining the entire endometrium, C.
Trophonemata from left active uterus (fresh dissection of uterine tissue, viewed with a high
powered dissecting scope), D. Closer view of trophonemata with higher magnification, E.
Trophonemata with garland capillaries highlighted under contrasting light, F. SEM of
trophonemata vascular perfusion cast.
Figure 4.11. U. jamaicensis, late stage uterus (U5c), (p. 214) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 485
A. Active left uterus, B. Inactive (never used) right uterus (C1), C. Active, left uterus (C2), D.
Inactive (previously used) right uterus, E. basal crypt (C1) and mucosal ridge epithelium, F.
Trophonemata with extensive secretory activity.
Figure 4.12. U. jamaicensis, late stage uterus (U5c), (p. 214) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 486
A. Basal crypt from left active uterus (C1), B. Basal crypt from active left uterus (C2), C.
Trophonemata from active, left uterus (C1), D. Trophonemata from active, left uterus (C2), E.
Trophonemata secretory acini with merocrine and apocrine secretions (C1), F. Trophonemata
secretory acini (C2).
Figure 4.13. U. jamaicensis, late stage uterus (U5c), (p. 214) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 487
A. Trophonemata acini (C1), (oil immersion), B. Trophonemata acini (C1) (oil immersion), C. Basal
crypt (C1) and mucosal ridge (MR) from active, left uterus, D. basal crypt of inactive, right uterus
(C2), E. Trophonemata from active left uterus (C2), F. Aglandular trophonemata of inactive, right
uterus (C2).
Figure 4.14. Near-Term stage (U5d) offspring, (p. 216) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 488
A. in utero embryo; B. removed embryo (posterior view) with enlarged spiracular flaps.
Figure 4.15. U. jamaicensis, near-term stage uterus (U5d), (p. 216) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 489
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A. Active, right uterus (C1), B. Complex basal crypts (C1) (tangential plane), C. Active, left uterus
(C2), D. Inactive, right uterus (C2), E. trophonemata (C1), F. Trophonemata(C2).
Figure 4.16. U. jamaicensis, near-term stage uterus (U5d), (p. 216) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 490
A. Degenerative basal crypt (C1), B. Degenerative basal crypt (C2), C. Trophonemata (C1), D.
Trophonemata (C2), E. Trophonema from active, left uterus (C2), F. Trophonema from inactive,
right uterus (C2).
Figure 4.17. TEM of near-term (U5d) trophonematal secretory crypt, (p. 217) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 491
A. Tangential section of trophonematal secretory crypt, 6000×; B. Transverse section through
secretory crypt, tall columnar epithelium with “classic” protein secreting ultrastructure, 3000×; C.
Crypt epithelium, 6000×; D. Crypt epithelium with more extensive secretory vesicles, 4000×.
Figure 4.18. TEM of near-term (U5d) trophonematal ridge epithelium, (p. 217) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 492
A. Attenuated cuboidal epithelium of trophonematal ridge, 3000×, B. Respiratory epithelium of
the trophonematal ridge, 2000×, C. Trophonematal ridge with simple cuboidal epithelium, 3000×;
D. Respiratory membrane of trophonematal ridge, 10000×.
Figure 4.19. Term stage embryo (U5e), (p. 219) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 493
A. Female with complete dorsal pigmentation and reduced spiracular flaps, B. Male with large
spiral valve intestine, C. Posterior-Anterior radiograph (series of embryonic stages).
Figure 4.20. U. jamaicensis, term stage uterus (U5e), (p. 219) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 494
A. Active left uterus (C1), B. Inactive, maturing right uterus (C1), C. Active left uterus (C2), D.
Inactive, maturing right uterus (C2), E. Basal crypts and aglandular trophonemata, active left
uterus (C2), F. Trophonemata with glandular remnants (C2).
Figure 4.21. U. jamaicensis, term stage uterus (U5e), (p. 219) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 495
A. Trophonemata and basal crypts from active, left uterus (C1), B. Degenerative uterine mucosa
from active, left uterus (C1), C. heavily vascularized peripheral artery of trophonemata and
structurally reduced BC (C1), D. Degenerative uterine mucosa and trophonemata with extensive
cellular debris, E. Degenerative, aglandular trophonemata with remnants of secretory crypts (C1),
F. Trophonemata from inactive, maturing right uterus (C1).
Figure 4.22. U. jamaicensis, uteri with unfertilized ova, (p. 221) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 496
A. Continued fluid production of unfertilized “inactive”, right uterus with contralaterally active,
left uterus (C1), B. Depleted uterine contents with deteriorating egg and discolored histotroph, C.
closer view of deteriorating egg, D. Active left uterus of near term-stage (C1) with persistent
condition of deteriorating egg eliminated from the right uterus, E. Recently ovulated ova with less
degenerative condition and reduced levels of histotroph (C2), F. Left uterus expanded with fluids
and unfertilized egg (C2).
Figure 4.23. U. jamaicensis, uteri with unfertilized ova, (p. 221) ∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 497
A. Left “inactive” uterus with degenerative yolk and tertiary egg envelope (C2), B. Closer view of
degenerative yolk and egg envelope, C. Basal crypt with simple cuboidal epithelium and
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A. close up of tertiary egg envelope (EE) with remnants of unfertilized uterine ova (C2), B.
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of the TZE and pseudo-isthmic (PI) region, D. Interconnectivity of BZE distal tubules.
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A. Abundant eosinophilic secretions within the lumina of transversely-oriented BZE secretory
tubules, B. Closer view of A.
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A. PI; B. Epithelium of PI, C. Cervix-like aperture, that is continuous with the uterus and
surrounded by an extensive smooth muscle sphincter, D. Secretory material from the baffle zoneequivalent (BZE) transiting the PI lumen, E. Transverse section of PI lumen, F. Enlarged transverse
view of PI lumen.
Figure 5.18. Sperm distribution in the lower reproductive tract of female U. jamaicensis, (p. 283)
∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙∙ 514
A. Recently deposited sperm mass, B. Luminal sperm mass of densely unorganized, individual
sperm within the vaginal chamber, C-D. Highly organized, dense linear arrays of embedded within
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the stratified squamous epithelium of the vaginal chamber, E. Densely aggregated sperm, F.
Mucous gland (MG) of vaginal chamber.
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Abstract
The yellow stingray, Urobatis jamaicensis (Cuvier, 1816) is the most common
elasmobranch encountered in the coastal waters of Southeast Florida. The objectives of
the present research were to characterize the reproductive biology of a stable population
distributed near the northern extent of the species range. Morphological analyses were
conducted to determine the seasonal variation of macroscopic and microscopic
development and structural organization of reproductive organs of male and female rays
(excluding ovarian histology) during all stages of reproduction. This is the first study to
document a seasonal biannual cycle for any elasmobranch, as well as, sexual synchrony
with a protracted and overlapping periodicity of both reproductive cycles. In male rays,
spermatogenesis corresponded with bimodal patterns of genital duct structure, sperm
density and linear sperm aggregate formation and disaggregation. Combining data from
individual females on: follicle development, ovulation, embryonic growth, and parturition
identified the periodicities of the repetitive cycles with ovulation and parturition
coinciding from January through April (Feb-Mar peak), and July through October (Aug-Sep
peak). Basal crypts were continuously present and supplied the pre-ovulatory synthesis
and secretion of histotroph. The basic structure of U. jamaicensis trophonemata was
similar to other myliobatiform rays, however, two consecutive endometrial cycles of
regeneration and regression were completed with extensive remodeling of glandular and
vascular tissues that supplied nourishment and accommodated the respiratory demands
of developing offspring. Additional support for concluding there is a biannual cycle was
provided by differences in both fecundity and lateralization of uterine function between
each reproductive cycle. Oviducal gland structure was reduced and modified with several
zone-equivalents, however, secretory products were continuously available and a
delicate encapsulating membrane was produced. The uterus was identified as a potential
site of fertilization. Extensive levels of matrotrophic input were provided by a modified
form of lipid histotrophy with an estimated increase in organic weight from uterine ova
to term stage embryos of 4490%. This dissertation is separated into six chapters with
(Chapter 1) representing a general introduction and (Chapter 2) describing the materials
and methods used throughout the study. The following three chapters represent the bulk
of the study, and are divided to characterize the reproductive biology of U. jamaicensis;
(Chapter 3) periodicity of reproductive cycles, male anatomy and spermatogenesis, and
fecundity patterns; (Chapter 4) uterine morphology, glandular and vascular patterns
during the endometrial cycle, and matrotrophic relationships; and (Chapter 5) oviducal
gland morphology, sperm distribution throughout the female reproductive tract,
determine the occurrence of sperm storage, and describe alternative sites of fertilization.
Extensively detailed text and figures further supporting the conclusion of a biannual cycle
of reproduction in this animal is provided throughout this dissertation as well as
condensed in summary form in the final section (Chapter 6).
Keywords: Myliobatiformes, Trophonemata, Histotrophy, Spermatogenesis
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Chapter 1
1.0 General Introduction
Vertebrate reproductive morphology follows a general blueprint (Lombardi, 1998),
whereby each sex produces haploid gametes (eggs and sperm), typically from paired
gonads (ovaries and testes) among females and males, respectively. Gametes are
subsequently transferred to the extragonadal ducts of each sex, which are regionally
differentiated into discrete organs. Female oviducts (e.g., anterior oviduct, and uterus),
and male genital ducts (e.g., ductus efferens, epididymis, and ductus deferens), may
either remain paired, fuse into singular structures, or demonstrate varied levels of
functional asymmetry (Lombardi, 1998). Species with external fertilization participate in
spawning events that occur in aquatic environments, whereas species with internal
fertilization, males deposit sperm directly into the female reproductive tract.
Nonetheless, there are many, often complex, modifications to this basic plan among and
within vertebrate classes. The Class Chondrichthyes (cartilaginous fishes) consists of
elasmobranchs (sharks, skates, and rays) and holocephalans (elephantfish, long-nosed
chimaera, and ratfish or “chimaera”) with a lengthy evolutionary history of over 400
million years (Didier, 2004; Maruska & Gelsleichter, 2011). These fishes are considered
representative of archetypal patterns of vertebrate reproductive tract structure and
development, sex differentiation, and endocrine and neuroendocrine regulatory
mechanisms (Wourms, 1977; Maruska & Gelsleichter, 2011). Chondrichthyans exhibit
diverse modes of reproduction that range from laying eggs (oviparity) (ca. 39%) to several
forms of live birth (viviparity) (ca. 61%) with internal fertilization common among all
species (Compagno, 2005; Musick & Ellis, 2005; White & Last, 2012; Eschmeyer, 2017).
Oviparous species deposit fertilized ova that are encapsulated in protective egg
casings, directly onto the surrounding substrata with external embryonic development
entirely reliant on endogenous yolk supplies (lecithotrophy). Most oviparous species
exhibit single oviparity, whereby paired eggcases are ovulated and oviposited, one per
uterus in sequential batches over a defined period of time. Multiple oviparity (only
reported for several scyliorhinids, i.e., Halaelurus spp. and two skates) involves extended
1

periods of in utero egg retention with varying levels of development prior to oviposition
of the entire clutch and subsequent hatching (Wourms et al., 1988; Dulvy & Reynolds,
1997; Musick & Ellis, 2005; Francis, 2006a; Chiquillo et al., 2014). Viviparous species
maintain offspring in utero to term and give birth to precocial offspring after varying
periods of gestation ranging from several months to two or more years. Viviparous modes
of reproduction are further distinguished by maternal-embryonic trophic relationships
that represent a continuum of maternally derived nourishment, ranging from strict
lecithotrophy with no maternal input, through limited and extensive forms of
matrotrophy in which the embryos receive various forms of maternal input (Hamlett et
al., 2005a; Huveneers et al., 2011).
Yolksac viviparous species receive no additional maternal input, thus like oviparous
species they are strictly lecithotrophic and solely dependent on initial yolk provisions.
Previously, a loss of no more than 20% organic matter during embryonic development
(change in weight of uterine ova at ovulation to weight of term-stage embryo at
parturition) was considered sufficient evidence of matrotrophic conditions, to distinguish
between lecithotrophy and matrotrophy (Guallart & Vicent, 2001; Hamlett et al., 2005a)
However, recent criticism has questioned the validity of such a threshold value to
determine the shift from lecithotrophy to limited matrotrophic conditions (Huveneers et
al., 2011; Frazer et al., 2012). Regardless, matrotrophic viviparity is well recognized
among elasmobranchs (ca. 31% of total species) and establishes weight gains beyond
those possible with nourishment from yolk sequestered into the external yolk sac (EYS)
alone. In these species endogenous yolk supplies are supplemented by several maternal
sources that characterize the modes of reproduction; ovatrophy (the embryos consume
extensively supplied, unfertilized ova), adelphotrophy (the embryos consume lesser
developed, intrauterine siblings in addition to unfertilized ova); placentotrophy (several
recognized types of yolksac placentae are formed from both maternal and extraembryonic tissues); and varying levels of histotrophy (nourishment by maternal secretion
of uterine fluids, termed histotroph) (Hamlett et al., 2005a).
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Ovatrophy or oophagy (egg or yolk eating) is an uncommon mode of reproduction
with two distinct forms (lamniform and carcharhiniform oophagy) and is documented for
relatively few species (Conrath & Musick, 2012). The classic type, lamniform oophagy
involves the consumption of ovulated eggs and storage of yolked contents by growing
embryos throughout most of gestation. The enlarged abdomen initially observed for
most lamniforms is due to extensive distention of the cardiac stomach by vast quantities
of yolk, with subsequent transfer of these nutrients to the embryonic liver prior to
parturition (Gilmore, 1993; Saĭdi et al., 2005a). This form of oophagy has been universally
described for all lamniform sharks studied to date (Gilmore et al., 2005). Adelphotrophy,
an extension of lamniform oophagy involves the consumption of lesser-developed
siblings in addition to oophagy and has only been reported for two species, Carcharias
taurus (Wourms, 1981; Gilmore et al., 1983; Gilmore, 1993) and Isurus oxyrinchus (Joung
& Hsu, 2005). Adelphotrophy is the definitive mode of reproduction observed for C.
taurus, which apparently achieves the highest embryonic gain in dry weight (1.2x106 %)
reported prior to parturition for any matrotrophic species (Stribling et al., 1980). The
second type, carcharhiniform oophagy incorporates additional yolked eggs into the EYS
of growing embryos and is described for two species of pseudotriakid sharks,
Pseudotriakis microdon (consumption) and Gollum attenuatus (EYS absorption).
Although P. microdon is reported to directly consume eggs, storage of additional yolk
occurs within the EYS opposed to internal storage of yolk within the stomach similar to
lamniforms (Yano, 1992). In Gollum attenuatus, numerous oocytes are ovulated (50-100)
and collectively encapsulated into a single egg envelope, but only a single egg is fertilized.
The remaining unfertilized ova eventually breakdown and the yolked contents are
absorbed into the EYS of the developing embryo, thus forming a single large consolidated
EYS (Yano, 1993). Additionally, both species are reported to produce histotroph that may
further supplement embryo nutrition (Yano, 1992, 1993; Dulvy & Reynolds, 1997). A third
type of orectolobiform oophagy that resembles lamniform oophagy (i.e., consumption of
yolked eggs) has been suggested but unconfirmed for the tawny nurse shark (Nebrius
ferrugineus) (Teshima et al., 1995).
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Placentatrophy occurs for ca. 9% of elasmobranch species and is restricted to several
families of carcharhiniform sharks (e.g., Carcharhinidae, Sphyrnidae, Hemigalidae,
Leptochariidae and Triakidae) (Dulvy & Reynolds, 1997; Hamlett & Koob, 1999). Placental
sharks sequentially utilize three modes of embryonic nourishment; initially lecithotrophic,
transitionally histotrophic and terminally placentotrophic (Hamlett et al., 2005b). Several
authors (Setna & Sarangdhar, 1948; Wourms et al., 1988; Otake, 1990; Wourms, 1993)
have suggested that hemotrophic transfer of nutrients occurs directly between the
maternal and embryonic vascular systems of placental species; however, conclusive
evidence has not been documented. Hamlett et al. (2005b) refer to placentotrophy as a
“highly modified form of histotrophy” since transfer is established by uterine secretory
activity (i.e., placental attachment site and paraplacental endometrium) with uptake by
embryonic portions of the yolksac placenta. The production and secretion of histotroph
has been suggested to perform an important role in embryonic nourishment during mid
gestation, prior to yolk sac implantation (Files & Lombardi, 1993; Hamlett, 1993; Lombardi
et al., 1993; Graham et al., 1995). However, adequate data is lacking to evaluate
periembryonic fluid content throughout gestation and determine the extent of the
nutritive role of these secretions during placentotrophic development (TeWinkel, 1963b;
Graham, 1967; Price & Daiber, 1967; Castro & Wourms, 1993). Elevated levels of
matrotrophic input have been described for placental species that form yolk stalk
appendiculae (e.g., Rhizoprionodon terraenovae) and a proposed absorptive function of
these structures has been correlated with histotroph production of a higher organic
content (Mahadevan, 1940; Castro & Wourms, 1993; Files & Lombardi, 1993; Hamlett,
1986, 1993; Lombardi et al., 1993; Hamlett et al., 2005b).
Hamlett et al. (2005a) suggested that all viviparous elasmobranchs likely display some
level of histotrophy due to uterine structural modifications common among all species.
The level of histotrophy established is ultimately determined by the quantity and quality
of histotroph secreted by the maternal organism (Wourms, 1981; Hamlett et al., 2005a).
Uterine structure and function of strictly lecithotrophic species are considered
“specialized for respiratory exchange and osmoregulation, not nutrient provision”
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(Hamlett et al., 2005a). Therefore, the substantial loss in organic weight displayed by
yolksac viviparous species is likely associated with nutritionally deficient histotroph.
Among matrotrophic species, histotroph production and organic content generally
demonstrates a progressive shift from mucus to lipids in relation to species-specific
uterine structural complexity (Hamlett et al., 2005a). Hamlett et al. (2005a) divides
histotrophic species into three categories, 1.) Incipient Histotrophy, 2.) Minimal
Histotrophy, and 3.) Lipid Histotrophy.
Maternal contributions during incipient histotrophy involve the limited secretion of
mucus histotroph with low organic content, and which results in a slight negative
decrease in organic weight during embryonic growth (Hamlett et al., 2005a). There is an
indistinct transitional gradient between strict lecithotrophy and incipient histotrophy and
dependable weight data does not exist to adequately classify the mode of reproduction
between the two for most species (Hamlett et al., 2005a). Furthermore, since the
threshold value (-20% loss in organic weight) used to separate these two reproductive
modes is questionable, identifying matrotrophic conditions will likely require additional
histological and biochemical analyses (Huveneers et al., 2011; Frazer et al., 2012).
Minimal histotrophy is associated with an increased production of mucus histotroph,
however, due to limited organic content only marginal to moderate gains in organic
weight are achieved during embryonic development. Since incipient histotrophy is
fundamentally lecithotrophic (indistinguishable from yolksac viviparity) and minimal
histotrophy is capable of establishing moderately high levels of matrotrophy, Conrath and
Musick (2012) suggested using the combined term of mucoidal histotrophy to represent
both forms. Conversely, lipid histotrophy is defined by an extensive production of
histotroph with a high organic content that generates a significantly large increase in
organic weight, during embryonic development from egg to parturition (Hamlett et al.,
2005a).
During lipid histotrophy, copious amounts of histotroph or “uterine milk” are
elaborated by uterine secretory villi, termed trophonemata (Wood-Mason & Alcock,
1891a, b; Wourms, 1981; Wourms & Bodine, 1983; Hamlett & Hysell, 1998; Hamlett et
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al., 1985a, 1993, 1996a, 2005a). Trophonemata are profusely distributed throughout the
endometrium as flattened villiform extensions of the mucosal layer (Hamlett et al., 1985,
1996a, 2005a, Amesbury, 1997) and effectively increase the surface area available for
“histotroph secretion and respiratory exchange” (Hamlett & Hysell, 1998). The basic
shape of fully developed trophonemata varies among species and may be broader at the
tip than base (paddle-shaped) or taper distally (LaMarca, 1961; Hamlett et al., 1985a,
1996a) (see Chapter 4). Lipid histotrophy is one of the most unique and highly efficient
forms of elasmobranch matrotrophic nourishment and is exclusively characteristic of
myliobatiform rays (Wourms, 1988; Compagno, 1998a; Hamlett et al., 2005a).
The order Myliobatiformes consists of roughly 229 recognized species (ca. 19% of
total Chondrichthyes, currently estimated at 1241 spp.), yet levels of research for this
large and diverse group have been neglected in comparison with other chondrichthyans
(Compagno, 1998b, 2005; Conrath & Musick, 2012; White & Last, 2012; Eschmeyer,
2017). The historically low commercial value of myliobatiform rays in contrast with some
other elasmobranchs has likely limited research funding opportunities (Stevens et al.,
2000). However, concern for the level of impact on exploited ray populations, primarily
from growing and “unregulated” artisanal fisheries (both non-targeted bycatch and
seasonally targeted fisheries) has spurned a recent emphasis on establishing biological
assessments of these potentially vulnerable species at a number of locations (Indo-Pacific
– Raje, 2003; White & Dhamardi, 2007; Australia - White et al., 2006, Trinnie et al., 2009,
2012; Gulf of California, Mexico - Bizzarro et al., 2007a, b and Smith et al., 2007a, 2009,
Costa & Cunha Chaves, 2006; Caribbean, South America - Grijalba-Bendeck, 2007a, b;
Mexican Pacific - Mejía-Falla et al., 2012; Brazilian Atlantic – Santander-Neto et al., 2016).
Ecosystem-based fishery management strategies have already been implemented in
Australia where high levels of ray bycatch among numerous fisheries are reported
annually (Zhou & Griffiths, 2008; Pierce et al., 2009; Trinnie et al., 2009, 2012).
Regardless of this recent research trend, the investigations are seldom designed with
the intention of studying stingray biology but are typically the result of opportunistic
sampling from stock assessments. Fishery dependent data is common with many
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publications restricted to aspects of the general biology and ecology (i.e., diet, growth,
age, and distribution) of available species. Sampling is often temporally and spatially
restricted to fishing activities for targeted species, thus details on the reproductive
biology of ray bycatch tends to be incomplete (Raje, 2003; Costa & Cunha Chaves, 2006;
White et al., 2006; Grijalba-Bendeck, 2007a, b; Acevedo et al., 2007; White & Dhamardi,
2007). Furthermore, since culling practices typically focus on targeted species first,
examination of reproductive structures of bycatch species may be delayed for extended
periods.

The ability to establish periodicity of the ovarian cycle or patterns of

vitellogenesis may be compromised, since condition of the chondrichthyan epigonalgonadal complex rapidly deteriorates post-mortem (Luer et al., 2004; Francis, 2006b).
Additionally, data uncertainties due to a complete or partial failure of brood retention in
viviparous species is commonly associated with capture stress (e.g., trawl stress), which
may result in reduced levels of uterine fecundity (Trinnie et al., 2012). Several studies
have addressed these issues by targeting ray bycatch immediately to bolster the integrity
of reproductively related observations (White et al., 2001; White & Potter, 2005; Trinnie
et al., 2009, 2012).
A number of smaller-sized rays (e.g., Urotrygonidae and Urolophidae) are particularly
vulnerable to indirect fishing pressure and have consistently been reported as major
components of bycatch in numerous trawling and artisanal fisheries (Grijalba-Bendeck et
al., 2007a; Pierce et al., 2009; Mejía-Falla et al., 2012; Trinnie et al., 2012; Acevedo et al.,
2007, 2015). Unfortunately, most of these rays are typically discarded due to a lack of
commercial value with limited information recorded on release condition (i.e., live vs.
dead, activity level or reproductive status). Trinnie et al. (2012) mentions urolophids are
often dead when discarded due to mishandling; yet other studies with related species
have estimated high rates of post-capture survivorship (Braccini et al., 2012). Regardless
if discarded rays can successfully avoid immediate or delayed fishing mortality these
observations can still be misleading in terms of reproductive potential as issues with
brood retention are not addressed. Since all rays are viviparous with relatively limited
fecundity; the repetitive loss of developing broods could be devastating for the future
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viability of any exploited or fisheries impacted species. Specific reproductive parameters
(e.g., periodicity of reproductive cycles, fecundity relationships, and sex ratio at birth) are
essential for conducting demographic analyses and to determine the vulnerability to
exploitation and recovery potential, associated with varying life history strategies
(Braccini et al., 2006; Bizzarro et al., 2009; Smith et al., 2007; Frisk, 2010). A total of 65
species of rays (ca. 29% of total ray species, as of Mar 2017) have received varying levels
of attention to reproductive biology; of which only 19 species have been sufficiently
studied to reliably characterize the reproductive cycle on a regional scale (Table 1.1).
1.1 Species Summary
The family Urotrygonidae (American round stingrays) consists of small to moderately
sized stingrays distributed in tropical to warm temperate coastal waters of the Eastern
Pacific and Western Atlantic. The family is comprised of two genera with 18 valid species
(Urotrygon, 11 spp. and Urobatis, 7 spp.) (Miyake & McEachran, 1986, 1988; Compagno,
2005; Del Moral-Flores et al., 2015; Eschmeyer, 2017). Taxonomy among the Pacific
species remains uncertain for both genera with various references retaining the validity
of synonymous Urotrygon species (Nelson, 2006; Froese & Pauly, 2013; Eschmeyer, 2017)
and an additional potential among three sympatric species of Urobatis (U. maculatus = U.
concentricus = U. halleri) to represent synonymous color morphs (Bizzarro, 2006;
Heffernan, 2012). In the western Atlantic there are only three endemic species, two
species of Urotrygon (U. microphthalmum and U. venezuelae) restricted to portions of
northern South America and a single, widely distributed species of Urobatis.
The yellow stingray, Urobatis jamaicensis (Cuvier, 1816) inhabits shallow, coastal
waters in depths of 70 m or less (typically observed < 10 m depth) (Figures 1.1-1.2). These
small-sized rays (ca. 180 mm DW) occur in a variety of habitats, but are most often
associated with regions dominated by coral reefs, hardbottom substrates, and seagrasses
(Ward-Paige et al., 2011, Spieler et al., 2013). The geographic range of U. jamaicensis is
considered widespread, with a reported distribution extending throughout the Caribbean
basin, Gulf of Mexico and adjacent Atlantic waters from North Carolina to northern Brazil
(Robins et al., 1986; McEachran & de Carvahlo, 2002; Piercy et al., 2006b; Froese & Pauly,
8

2013). However, verification of species presence or absence in many of these regions is
largely data deficient with additional uncertainty on levels of local abundance.
Furthermore, the general literature (i.e., field guides and species identification guides,
noted above) has continually referenced anecdotal and antiquated information that may
include erroneous data with potential species misidentification. Available data suggests
the true range of U. jamaicensis is more restrictive with the northern distribution
uncommon to rare in waters north of Jupiter Inlet (southeast Florida) (Gilmore et al.,
1981; Snelson & Williams, 1981; Schmid et al., 1988; REEF, 2016) and also from the
northern and western Gulf of Mexico (Dennis & Bright, 1988; Shepard & Myers, 2005;
Lewis et al., 2007). Likewise, the southern distribution becomes increasingly rare, south
of Belize with limited observations recorded from Colombia and Venezuela (LoweMcConnell, 1962; Almeida et al., 2000; Menni & Stehmann, 2000; Nunes et al., 2005;
Acevedo et al., 2007; Grijalba-Bendeck et al., 2007b; Mejía-Falla et al., 2007; Bornatowski
et al., 2009; MacDonald & Weis, 2013). During scientific surveys, U. jamaicensis was not
recorded east of Mona Island across the Puerto Rican Plateau (Puerto Rico, Vieques,
Culebra, St. John, St. Thomas, Tortola, Virgin Gorda, and Anegada) or southward from St.
Croix, and the Lesser Antilles (Dennis et al., 2004, 2005; Bouchon-Navaro et al., 2005),
although several unsubstantiated reports exist (Ward-Paige et al., 2011). Thus, a more
accurate range appears to occur from South Florida (both coasts, including the Florida
Keys); Bahamas; Campeche, Mexico through Belize; and most of the Greater Antilles
(Bigelow & Schroeder, 1953; Ward-Paige et al., 2011; Spieler et al., 2013). Although
seasonal range expansions are plausible, the relatively small size and viviparity, coupled
with limited movements and shallow distributions would suggest that depth is an
effective barrier to dispersal (Ward-Paige et al., 2011; Spieler et al., 2013). Therefore,
these regions of higher abundance potentially represent disjunct populations with
variable levels of reproductive isolation that warrant further investigation. Variation in
life history traits between separate or reproductively isolated populations could have a
significant impact on conservation efforts if these are required in the future. Although U.
jamaicensis is likely taken as bycatch throughout southern portions of its range, they have
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been assessed as a species of Least Concern on the IUCN Redlist, as they are considered
relatively common with a high reproductive potential (Piercy et al., 2006b). However,
aside from research in south Florida (Fahy et al., 2007; Spieler et al., 2013), data on basic
biology and life history is lacking from most regions. The recent decline in sighting
frequencies reported throughout most of the Greater Caribbean, suggests precautionary
measures for this species may be necessary (Ward-Paige et al., 2011).
1.2 Study Objectives
This study concentrated on the reproductive biology of Urobatis jamaicensis with the
following study objectives:
1. Determine the natural history relative to reproduction including:
a. Periodicity of the reproductive cycle, synchrony between males and
females, and population reproductive status.
b. Life history traits relevant to conservation management and demographic
analyses.
2. Examine the morphology relative to reproduction including:
a. Evaluate the seasonal variation of gross and microscopic development and
organization of reproductive organs of male and female rays throughout
the entire reproductive cycle.
b. Characterize uterine morphology, development of trophonemata, and
secretory activity throughout gestation.
c. Estimate the level of matrotrophic input (i.e., change in organic weight
from uterine ova to term embryo), and correlate patterns of embryonic
development with uterine structure and glandularization of
trophonemata.
d. Characterize oviducal gland structure and determine distribution of sperm
in the female genital tract, occurrence of sperm storage and evaluate
potential sites of fertilization.
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Chapter 2
2.0 Materials & Methods
2.1 Collection and Study Location
Urobatis jamaicensis specimens were opportunistically collected with handnets via
SCUBA in coastal waters of Broward County, Florida, U.S.A. from February 2003 – August
2010. The region is locally characterized by a nearshore ridge complex and a series of
three, offshore linear reef terraces (inner, middle, outer) that run parallel to shore in
progressively deeper water (Banks et al., 2007; Walker et al., 2008) (Figure 2.1). Animals
were captured within various hardbottom habitats throughout the length of the entire
county (ca. 33 km), extending from the southern (25° 58.500 N) to northern (26° 19.750
N) boundaries with waters ranging in depths between 3 m nearshore (80° 07.000 W) to
30 m offshore (80° 03.500 W).

Sampling constraints due to the regions benthic

complexity, combined with selective habitat use of the study species (Fahy, 2004)
excluded alternative methods of collection (e.g., trawling and seining).
A minimum of 15 female yellow rays were collected per month to determine
periodicity of various reproductive parameters (see below). A minimum of 5 males were
collected per month; this was considered adequate for corroborating reproductive
synchrony within the population. Even though sample sizes were relatively small (in
comparison to some studies with fishery dependent sampling of both targeted and
bycatch species) the intentional capture and maintenance of live specimens avoided
many of the issues with capture associated stress observed in other studies (i.e.,
spontaneous abortion) (White et al., 2001, 2002; White & Potter, 2005; Trinnie et al.,
2009) and avoided the limitations due to seasonal sampling (i.e., fishing related) within
restricted habitats (Yokota & Lessa, 2006). Data, for statistical analyses, were pooled
from specimens collected during the same corresponding months of separate years. Daily
temperature data (January 2008 - August 2010) for nearshore, inner, middle and offshore
reefs were recorded with bottom mounted temperature loggers (HOBO Pendant®
Temperature/Light Data Logger 64K, Model No. UA-002-64, Onset® Computer
Corporation, Bourne, MA 02532, USA). Since recorded bottom temperatures were
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reasonably consistent between each of these reef habitats (±1˚ C), average monthly
values were used for all comparisons. The duration of daylight hours for Fort Lauderdale,
FL (EST), coordinates: 080 11 W, 26 08 N were obtained from the United States Naval
Observatory (USNO, 2010); mean monthly values for 2010 daily data were used as
daylight hours did not vary noticeably from year to year.
2.1.1 Biological Sampling
Stingrays were either maintained in open system tanks or floating holding pens at the
Nova Southeastern University Oceanographic Center (Dania Beach, Florida), prior to being
euthanized, by overdose, in a saltwater solution of MS-222 (ca. 0.5 g/5 ml) (Tricaine
Methanesulfonate – Finquel®, Argent Chemical laboratories, Redmond, WA, 98052, USA).
During laboratory processing, rays were sexed (presence/absence of claspers), weighed
(wet body weight to nearest 1.0 g) and measured (Total length, TL; Disk Width, DW; Disk
length, DL to nearest 1.0 mm), and the entire reproductive tract (gonads and extragonadal
organs) was removed and stored in 10% neutral buffered formalin for histological
analyses. Prior to fixation, the unilaterally functional left ovary was teased apart, and the
largest follicle diameter (LFD) was measured (nearest 0.01 mm). For pregnant animals a
pair of hemostats was secured to the distal end of both uteri (proximal to the common
urogenital sinus) to maintain the integrity of individual uterine contents (the oviducts are
bilaterally functional). The total weight (TW) of pregnant specimens was corrected by the
subtraction of maternal weight (i.e. combined weight of embryos and uterine fluid) from
initial TW, and an adjusted TW (TWadj) was used for subsequent data analyses. Disc width
(DW) measurements were required (LaMarca, 1961; Francis, 2006b), as caudal fin
condition (i.e., marginally reduced, partially cropped or completely absent) of adult
specimens precluded consistent accurate total length (TL) measurements (Figure 2.2).
Following the removal of uterine contents, embryos in each brood were segregated by
uterus of origin (left or right) and the size (TL/DW), weight (TW), and sex (when possible)
was recorded.
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2.2 Size at Maturity (Males and Females) and Size at Maternity (Females)
Maturity indices for male and female U. jamaicensis were generated from
macroscopic observations of the reproductive organs (morphological criteria was
modified from Martin & Cailliet, 1988; Snelson et al., 1988; Walker, 2005; Braccini et al.,
2006; Smith et al., 2007; Yamaguchi & Kume, 2009; Pierce et al., 2009; Trinnie et al.,
2009). Maturity status was determined from multiple, combined parameters on the
condition of the gonads and genital tracts to avoid an arbitrarily assigned rating based
solely on follicle development (i.e., LFD >1 mm) or clasper condition (Table 2.1).
Morphological criteria were then histologically validated to determine if any individual
parameter was sufficient for providing maturity ratings or to further recognize a need to
develop more comprehensive, species-specific, indices for the yellow stingray. Clasper
length (CL) measurements (nearest 1.0 mm) were conducted with paired claspers held
medially together and measured from the posterior edge of the cloaca to the distal tip of
each clasper. The relationship between CL and DW for male specimens was evaluated
with regression analyses. Clasper size and condition was further considered among male
specimens for comparative consistency and required development for copulatory
success.
Specimens were assigned a maturity status of 0 (immature) or 1 (mature), and the
binomial data was used to generate sex specific maturity ogives for the median sizes at
which both males and females attained 50% maturity (DW50) and 95% maturity (DW95).
Size at maternity was established for female specimens that were actively gestating
(presence of in utero eggs or embryos) or had recently given birth, and a status of 0 (nonmaternal) or 1 (maternal) was assigned (Walker, 2005). Logistic regression analyses were
conducted with R statistical software (R core development team 2010) and equation
parameters (a and b) were derived from maximum likelihood estimates. The logistic
equation: y = ea+bx/(1 + ea+bx); rearranged to PDW = Pmax/(1+e-a+bx), where PDW = proportion
mature (or maternal) at size DW, Pmax (asymptote for annual cycle or less) = 1, a =
intercept parameter, and b = slope parameter. The logit link function (natural log of odds
ratio) linearizes the relationship: ln(P/(1-P)) = a +bx, and the median size at
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maturity/maternity (DW50) is resolved by x = -a/b (Roa et al., 1999; Mollet et al., 2000;
Walker, 2005). Due to non-convergence of maturity data (i.e., lack of overlap between
largest immature and smallest mature specimens), only preliminary ogives to determine
DW50 were performed (logit regression with Statistica v. 6.0). A comparative maturity
ogive for male specimens that includes maturity data from a previous study in the
Bahamas (LaMarca, 1961) was also derived to clarify gaps in the current analysis (i.e.,
establish convergence criteria) due to limited observations of smaller size classes. The
addition of LaMarca’s (1961) data also required modified clasper length (CL mod)
measurements, and maturity for his data was solely classed by presence of spermatozoa
in the seminal vesicles. This comparative analysis will be addressed during the discussion
(see section, 3.3.3).
2.3 Periodicity and Synchrony of Male and Female Reproductive Cycles
Gross examination of dissected specimens was conducted to determine breeding
status and body condition of male and female stingrays (Braccini et al., 2006; Huveneers
et al., 2007; Walker, 2007; Trinnie et al., 2009; Farrell et al., 2010). Gonads (including
epigonal organs) were removed, blotted dry and weighed (nearest 0.01 g) to determine
gonadal weight (GW) and used to calculate the gonadosomatic index (GSI) as a proportion
of TW with the formula: GSI = 100 × (GW/TW). The monthly GSI values were used to
establish temporal patterns in testes and ovarian development and the bimodal data of
female specimens was further analyzed separately due to morphological attributes
consistent with two, consecutive reproductive cycles (Fahy et al., 2007). Similarly, the
hepatosomatic index (HSI) was calculated as an indirect proxy for body condition
(estimate of energy reserves) with the formula: HSI = 100 × (LW/TW), where LW
represents liver weight (nearest 0.01 g) (Koops et al., 2004; Francis, 2006b; Oddone &
Velasco, 2006; DiBattista et al., 2007). The same formulas were used to calculate GSI and
HSI for both sexes with the exception of the use of TWadj for pregnant females. Monthly
comparisons for both GSI and HSI were performed with ANOVA and significant differences
were further evaluated with post-hoc analyses; Tukey Honestly Significant Difference
(HSD), modified for unequal sample sizes (n).
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2.3.1 Male Reproductive Cycle
In male U. jamaicensis, the combined weight of both testes was used for GSI
calculations. Mean monthly values of GSI were performed to obtain an indirect measure
of seasonal synchrony for patterns of regression and recrudescence in testicular
development or verify if testes remained ripe with continuous development providing for
potential year round breeding.

Maximal GSI values were considered to roughly

correspond with periods of peak spermatogenesis, which may or may not coincide with
peak mating activity (Parsons & Grier, 1992; Maruska et al., 1996). The maximum seminal
vesicle diameter (SVD) was measured (nearest 0.01 mm) and adjusted relative to male
DW (SVDrel = (SVD/DW)*100) to correct for potential effects of varying adult sizes. Mean
monthly values of SVDrel were considered to represent temporal patterns of sperm
storage within the seminal vesicles.

Monthly trends in GSI, HSI and SVDrel were

determined and qualitatively compared with bottom temperature data and duration of
daylight hours.

Additionally, the left testis of all male specimens was examined

histologically and spermatocysts were assigned a stage to quantify monthly patterns of
spermatogenesis (Parsons & Grier, 1992; Maruska et al., 1996; Hamlett, 1999; Mull et al.,
2008) (see below, 2.6.1 Male Anatomy).

Periodicity of male GSI, HSI, SVDrel and

histologically verified production and storage of spermatozoa were compared relative to
indices of female U. jamaicensis to determine how these patterns correspond with the
periodicity of the female reproductive cycle.
2.3.2 Female Reproductive Cycle
The left ovary of U. jamaicensis is the primary site of follicle development; however
since the right ovary displays limited vitellogenic activity (with a potential but
undetermined endocrine function) the weight of both ovaries was combined for GSI
analyses. The ovaries of most specimens (n = 201) were teased apart with forceps and
the largest follicle diameter (LFD) was measured (0.1 mm) with digital calipers (Westward
Electronic, Model No. 2ZA59, Lake Forest, IL, 60045, USA). Seasonal synchrony and
periodicity of the reproductive cycle was determined from patterns in follicle
development and embryonic growth (size, TL and weight, TW), evaluated against day-of15

year to document the ovarian cycle and rate of gestation, respectively (Walker, 2005).
The incidence of fresh mating wounds (copulatory bites) on the lateral and anterolateral
margins of female pectoral fins was used as one estimate of the timing of breeding activity
(Kajiura et al., 2000). Like with males, monthly comparisons of mean GSI, HSI, and LFD
were also conducted; however with females the complexity of the proposed biannual
cycle required analyses with reproductively active (RA) females classified into two
separate cycles. Criteria for separating both reproductive cycles was initially derived from
preliminary results (Fahy et al., 2007) and further supported by current observations of
two continuous and overlapping cycles within the population. Additional analyses of GSI,
HSI, and LFD based on uterine stage (see below) were also performed. All analyses were
conducted on combined and separate reproductive cycles, henceforth referred to as
combined cycles (CC), cycle 1 (C1) and cycle 2 (C2).
A uterine index (U) was developed (modified from Walker, 2005; Braccini et al., 2006)
and LFD was examined separately for each uterine condition; immature (U1-2), preovulatory (U3), post-ovulatory (U4), pregnant (U5) and post-partum (U6) to establish
biannual periodicity and the timing of individual reproductive events (i.e., periodicity of
ovulation, gestation and parturition) (Table 2.2). The LFD plot of post-ovulatory females
(U4) was used to delineate the timing of ovulation via the presence of uterine ova in either
of the bilaterally functional uteri. Pregnant females (U5) were arbitrarily assigned into
five subclasses to characterize stages of development based on embryo size and specific
morphological attributes; 5a) early, 5b) middle, 5c) late, 5d) near-term, and 5e) term
stages (Table 2.2). Post-partum females (U6) were considered to have entered into the
successive cycle and typically were difficult to distinguish from pre-ovulatory (U3) females
as neither condition was mutually exclusive. The rate of gestation was initially examined
by mean monthly size (mm, TL) of embryos for combined and separate reproductive
cycles. Biannual periodicity and seasonal synchrony of embryonic growth were further
distinguished by embryo size and weight (g, TW) for all offspring per brood and evaluated
against day of year (Walker, 2005; Braccini et al., 2006; Trinnie et al., 2009, 2012). Uterine
ova (U4) lacking macroscopically observed embryos were assigned a size of 0 mm (or 0 g)
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for both methodologies. The relationship between LFD and embryo size was also used to
determine if vitellogenesis of growing follicles was concurrent or sequential with
gestation for combined and separate reproductive cycles.
2.4 Size at Birth and Sex Ratio
The total (CC) and seasonal (C1/C2) measurements of weight and size (TW/DW) for
term stage embryos was recorded and evaluated for significant differences between
seasonal cycles with a two sample permutation test (R Development Core Team 2010).
These nonparametric, resampling tests were performed on unranked, raw data and with
relative values used to address maternal effects associated with varying sizes of pregnant
females. The proportional size and weight of term stage embryos were compared with
the maximum observed values for both male and female adult rays. The sex ratio of
offspring for combined and separate cycles was analyzed with a χ2 (chi-squared) goodness
of fit test with Yates’ correction for continuity to determine if pooled observations
deviated significantly from a 1: 1 ratio (Sokal & Rohlf, 1995; Zar, 1999). The same criteria
as fecundity analyses (see below) were used to select broods for analysis with the
additional requirement of sufficient development to determine sex.
2.5 Fecundity Relationships
Fecundity relationships were assessed for maternal effects on brood size, seasonal
variation in brood size, and distribution of uterine ova and embryos between left and right
uteri (Fahy et al., 2007; Walker, 2007). Brood size was a measure of combined uterine
contents and representative of total uterine fecundity (UF) after ovulation was deemed
complete. The relationship between maternal size (DW, mm) and brood size was
examined with scattergram plots for combined (CC) and separate reproductive cycles (C1
& C2) and evaluated by linear regression with the equation: UF = a + bDW; where brood
size is the number of macroscopically visible eggs/embryos for combined uterine contents
and parameters a and b are estimated with linear regression. The potential for somatic
weight as a better measure of fecundity than size, prompted similar regression analyses
between maternal weight (TWadj) and brood size (UF = a + bTWadj) (Koops et al., 2004;
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Francis, 2006b). Seasonal comparisons between both reproductive cycles (C1 & C2) were
performed on designated size classes for a direct comparison of fecundity (brood size)
between similar-sized females (Table 2.3). Size classes were arbitrarily established, and
reproductively mature females were separately analyzed (size classes 4-7) to account for
recognized variations of fecundity associated with maternal size. The distribution of
uterine ova and embryos between the left and right uteri were tested for differences in
brood size for both identified reproductive cycles and evaluated separately for each size
class.
Fecundity data was non-normally distributed and highly skewed with reduced sample
sizes for the smallest (class 4) and largest (class 7) size classes. Thus, nonparametric, twosample and paired one-sample permutation tests were performed to determine if brood
size varied significantly between reproductive cycles (i.e., C1 vs. C2) and uterine
distribution (left vs. right uteri), respectively. Permutation tests were performed on raw
and unranked data with R project statistical software (R Development Core Team 2010)
and implemented with either the COIN package (Hothorn et al., 2008) or the exact rank
tests package. Only pregnant females considered to have fully completed ovulation (n =
142) were used in fecundity analyses to avoid underestimating individual brood sizes.
Females with potentially incomplete ovulatory cycles were determined by a combination
of small, mean embryo size per brood (≤ 20 mm TL) and larger-sized, LFD (> 10 mm), which
were considered acceptable criteria for the elimination of reproductively active females
from fecundity analyses (n = 21). Furthermore, U4 and U5 females with deteriorating,
unfertilized ova (n = 6) were also removed from fecundity analyses. Permutation tests
were used for superior handling of issues with corrections for continuity, zero values, and
ties associated with ranked data when performing nonparametric analyses (Bergmann et
al., 2000; Eudey et al., 2010; Neuhäuser, 2010).
2.6 Microscopic and Ultrastructural Examination of Reproductive Structures
Histological samples of reproductive tissues for light microscopy (LM) were
dehydrated in a graded series of ethanol (70-100%), cleared in xylenes (Sakura Tissue-TEK
II, automated tissue processor), and infiltrated and embedded in paraffin (Tissue-Tek TEC;
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Sakura Finetek USA, Inc., Torrance, CA 90501, USA). Paraffin blocks were sectioned at 46 μm on a rotary microtome (Leica RM2235 Rotary Microtome; Leica Biosystems Inc.,
Buffalo Grove, IL 60089, USA), and serial sections were mounted on adhesive slides.
Mounted sections were stained using Harris’ hematoxylin and eosin (H&E) for routine
histological observations and a glass coverslip was secured with mounting medium
(Cytoseal 60, Thermo Scientific, Waltham, MA, 02451, USA). Slides were viewed with a
compound light microscope (Olympus BX43, Center Valley, PA 18034, USA) and LCD
monitor, and images were recorded with a mounted digital camera system (Olympus
DP21). As the reproductive anatomy has previously been characterized by LaMarca
(1961) and summarized in Spieler et al. (2013) this report will extend a brief synopsis with
additional explanations of any corrections or changes in terminology, while concentrating
on the seasonal morphological modifications of reproductive tissues (testis and male
genital tract -Chapter 3; uterus - Chapter 4; oviducal gland - Chapter 5) during the biannual
reproductive cycle of U. jamaicensis.
The processing and sectioning of near term trophonematal tissues for ultrastructural
observations with transmission electron microscopy (TEM) was previously conducted by
W.C. Hamlett at the Indiana University School of Medicine, and images were scanned and
archived. Uterine tissues of U. jamaicensis were initially immersed in a primary fixative
consisting of 3% glutaraldehyde in 0.1M phosphate buffer with 0.4M sucrose and 10
drops of 1% CaCl2 per 10 ml fixative. Fixation of tissues was performed at room
temperature for 6 to 8 hours, and followed with several rinses in fresh buffer. Samples
were transferred to a secondary fixative (2.0% osmium tetroxide in 0.1M phosphate
buffer) for 2 to 4 hours, then washed with distilled water and subsequently dehydrated
through a graded series of t-butyl alcohol (ranging from 30-100%).

Following

dehydration, tissues were transferred through three changes of propylene oxide (5
minutes each) at room temperature. Tissues were then infiltrated in a 1:1 volumetric
ratio of propylene oxide to catalyzed Embed 812, followed by a ratio of 1:2, and finally
pure resin overnight. Blocks of tissue embedded in resin were cured under a vacuum at
60° C for 72 hours, and then sectioned with either a glass or diamond knife on an LKB
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Ultratome IV. Silver or gray sections were picked up on acid-cleaned copper grids, stained
with uranyl acetate and lead citrate, and examined on a Hitachi H600 transmission
electron microscope at 75 and 100 kV.
2.6.1 Male Anatomy
Chondrichthyans in general display a cystic form of spermatogenesis, whereby
germinal zones produce anatomically discrete spheres surrounded by a basement
membrane, termed a spermatocyst. Spermatocysts form the functional spermatogenic
unit and consist of multiple assemblages of stage-synchronized germ cell-Sertoli cell
clonal populations, termed spermatoblasts (Maruska et al., 1996; Engel & Callard, 2005;
McClusky, 2012). Each spermatocyst is embedded within the stroma of the testes and is
attached to the terminal branches of the intratesticular duct (ITD) system.

Little

information is available on the ITDs of chondrichthyans but they appear to be derived
from undifferentiated pre-Sertoli cells, which form a network of testicular cords between
developing spermatocysts (Stanley, 1963; Engel & Callard, 2005, Park et al., 2012; del Mar
Pedreros-Sierra & Ramírez-Pinilla, 2015; Poulakis & Grier, 2014; Rossouw, 2014). The
interconnectivity between progressive and similar staged spermatocysts has not been
adequately studied and cystic migration is typically considered to be a passive process
due to earlier (pre-meiotic) stage proliferation and subsequent displacement away from
the defined germinal zone. Structurally, the testes of myliobatiform rays consists of
numerous discrete lobules with germinal zones that extend from a central pit situated on
the dorsal surface of each lobule.

These multiple germinal zones form small

protuberances, and are collectively termed the testicular appendages or germinal papillae
(GP). The GP are unique testicular structures that are nearly exclusive to the order
Myliobatiformes (LaMarca, 1961; Babel, 1967; Lewis, 1982; Maruska et al., 1996;
Chatchavalvanich et al., 2005a; Zaiden et al., 2011), with the exception of a single related
batoid Rhinobatos horkelii (Lessa, 1982). Likewise, the single lobe of holocephalan testes
resembles an enlarged, individual compound lobule of batoids with a similar GP reported
(Stanley, 1963; Márquez-Farías & Lara-Mendoza, 2014).
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In male U. jamaicensis tissue samples were processed only from the left side of the
bilaterally functional reproductive tract. A single 2 mm thick cross section was removed
from the center of each testis that minimally bisected at least one seminiferous lobule
through the germinal zone (Maruska et al., 1996; Mull et al., 2010). Tissues were also
sampled from male genital ducts (following the terminology of Hamlett, 1999) with
epididymides (anterior and posterior), ductus deferens, and seminal vesicles sectioned to
determine luminal contents and tissue architecture with seasonal comparisons made
between both reproductive cycles. Furthermore, the presence, density and spatial
arrangement of spermatozoa (i.e., individually dispersed, clumped, or linear aggregates)
throughout all segments of the genital ducts were described.
Spermatocyst counts were conducted across a single, medially cross-sectioned lobule
from the distal border of the germinal papilla to the distal portion of the terminal zone to
determine the proportion of each spermatogenic stage. The sequence of developing
spermatocysts progressed through a series of discrete zones with seven distinct stages of
spermatogenesis (modified from Maruska et al., 1996) (Table 2.4). Stage I (SI): germinal
zone (GZ), Stage II (SII): early spermatocyst (combined primary and secondary
spermatogonia) (SG), Stage III (SIIIa): primary spermatocyte (SC1) and (SIIIb) secondary
spermatocyte (SC2), Stage IV (SIV): spermatid (ST), Stage V (SV): early spermiogenesis
(SP1), Stage VI (SVI): late spermiogenesis (SP2), and Stage VII (SVII): terminal stages
(combined terminal zone (TZ) formed by actively spermiating and collapsed
spermatocysts (SVIIa), and degenerative zone (DZ) formed by pre-meiotic apoptosis and
collapse of spermatocysts (SVIIb). The patterns in spermatogenic progression were
further compared to determine if developing spermatocysts (SII), larger diameter meiotic
spermatocysts (SIII) or peripherally mature spermatocysts (SV-SVI) were the
predominant stage during peak GSI. Histological analyses of the genital ducts (epididymis,
ductus deferens, and seminal vesicle) were performed to document the presence, density
and luminal arrangement of spermatozoa (i.e., random individual spermatozoa, linear
sperm aggregates or spermatozeugmata) throughout all segments of the reproductive
tract. Luminal observations of genital ducts were further used to corroborate the pattern
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of spermatogenesis (continuous production of sperm, protracted annual cycle, or
biannual periodicity) and determine the potential for male sperm storage in seminal
vesicles.
2.6.2 Female Anatomy
Female structures were primarily sampled from the left reproductive tract; due to
asymmetry of developmental patterns and the unilateral dominance noted for the left
uterus (Fahy et al., 2007).

However, comparisons were performed between the

bilaterally functional, paired oviducts (anterior oviducts, oviducal glands, and uteri) to
examine patterns in development between maturity stages, seasonal reproductive
condition (RA vs. NR), and functional lateralization (when only one uterus was active).
The development, vascularization and glandular structure of the basal endometrial
epithelium and uterine trophonemata were described for each uterine stage (Table 2.2)
during both reproductive cycles (Chapter 4). Further examinations of oviducal gland
structure and the presence and distribution of spermatozoa throughout the entire
reproductive tract (cloaca, vagina, posterior and anterior uterus, oviducal gland, and
anterior oviduct) were performed (Chapter 5). Additional comparisons between the
reproductive organs of immature vs. mature and active vs. inactive specimens were
performed.
Images of U5c trophonemata from freshly sampled tissues were captured with a high
powered dissecting scope (Olympus SZX7, Center Valley, PA 18034, USA), digital camera
(Olympus 3.3MPX) and image capturing software (Rincon HD, v.7.4, Optronics, Goleta, CA
93117, USA) to produce a single focused image from numerous stacked images captured
at different levels of focus. These images were produced to supplement previous SEM
images of perfused corrosion casts (Basten, 2007) to describe the vascular arrangement
of trophonemata. Radiography was also used to produce a Posterior-Anterior radiograph
(SD1 X8) to illustrate the development of spiracular flaps (SF) and varying levels of spiral
valve (SpV) concretions from a series of embryos (middle to term stages).
The change in organic weight from uterine ova (n = 11) to term fetuses (n = 3) was
examined to determine the level of matrotrophy exhibited (Guallart & Vicent, 2001;
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Frazer et al., 2012). Embryos were eviscerated to remove the digestive tract and liver,
weighed separately, and subsequently combined with carcass weight to perform total
weight analyses (all weights determined to the nearest 0.01 g). The initial wet weight was
recorded, dry weight determined (60° C until a constant weight was achieved), and the
difference calculated to establish total water weight. The inorganic (ash) weight was
determined from three sequential steps of incineration at 200° C, 350° C and 500° C for
10-15 h each in a muffle furnace. The organic (ash-free) weight was established (dry
weight – ash weight) and the percent change in organic weight (mean values) was
determined with the following equation [(WF – WI)/WI] × 100), where WF = final weight
or term fetus weight, WI = initial weight or uterine ova weight (Frazer et al., 2012).
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Chapter 3
Reproductive biology, periodicity and seasonal synchrony of male and
female yellow stingrays, Urobatis jamaicensis (Myliobatiformes:
Urotrygonidae) during the biannual reproductive cycle in southeast Florida.
3.1 Introduction
Chondrichthyans display several modes of reproduction (single and multiple oviparity,
lecithotrophic viviparity and several varieties of matrotrophic viviparity) and a diverse
assemblage of reproductive strategies that may vary between species or among
geographically isolated populations (see General Introduction, Chapter 1).

These

strategies range from generalized attributes (e.g., internal fertilization, iteroparity, and
precocial offspring) to highly specific traits (e.g., onset of maturity, extent of maternal
investment, and the timing and periodicity of numerous reproductive processes) that may
express varying levels of phenotypic plasticity.
Patterns in male reproduction are unfortunately, typically limited to gross
observations (i.e., GSI, presence of seminal fluids) with occasional descriptions of
spermatogenesis. These observations rarely encompass the entire reproductive cycle, or
trace the condition of sperm throughout the length of the genital tract. Furthermore, the
level of synchrony between male and female reproductive cycles is frequently overlooked
or presumed to occur without further consideration (Maruska et al., 1996). Regardless if
females exhibit well-defined ovulatory cycles, the timing and duration of
spermatogenesis among males can involve strategic seasonal patterns that are
correspondingly well-organized or range from protracted gonadal activity to year round
production of sperm (Parsons & Grier, 1992; Engel & Callard, 2005; McClusky, 2012).
Female reproductive cycles illustrate a comprehensive set of strategies, involving
several processes that collectively characterize the patterns and periodicity of ovulation
and gestation that typically define reproductive cycles. The ovarian cycle (oogenesis,
folliculogenesis, vitellogenesis, and ovulation) is complex and fertilization is presumed to
occur within the oviducal gland (OG), which may or may not involve variable periods of
sperm storage (Hamlett et al., 2005b). Oocyte development is typically confined to
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observations during the vitellogenic growth phase (yolk accumulation). This can take
place concurrent with gestation (simultaneous vitellogenesis), can be initiated during the
latter portions of gestation (“semi-delayed” vitellogenesis), or can be asynchronous and
entirely separate from embryonic development (sequential vitellogenesis) (Capapé et al.,
1990; Conrath, 2005). Among oviparous species, post-fertilization processes are mostly
external and occur after oviposition, whereas, gestation among viviparous species ranges
from internal incubation (yolksac viviparity) to extreme levels of matrotrophic
development prior to parturition (Hamlett et al., 2005a; Musick, 2010). The duration of
oviposition for oviparous species can be short with numerous batches of eggs and limited
retention, to a lengthy retention of few eggs with partial embryonic development for
species exhibiting multiple oviparity (Luer & Gilbert, 1985; Dulvy & Reynolds, 1997;
Musick & Ellis, 2005; Wyffels, 2009; Musick, 2010). Gestation rates among viviparous
species are extremely variable, with a continuum of developmental patterns ranging from
2-18 months for most species but there are several reports of 2-4 year gestations (Carrier
et al., 2004; Conrath & Musick, 2012).
Wourms (1977) designated three basic types of chondrichthyan reproductive cycles:
1.) continuous reproduction throughout the year; 2.) a partially defined annual cycle with
one or two peaks; and 3.) a well-defined annual or biennial cycle. Conrath and Musick
(2012) further refer to these three forms, respectively as aseasonal (asynchronous),
partially seasonal, and seasonal (synchronous) cycles. Wourms’ (1977) seminal work has
been cited frequently over the years and the three cycles remain fairly inclusive of most
species (Martin & Cailliet, 1988; Callard et al., 1989b; Chen et al., 1996; Hamlett & Koob,
1999; Conrath, 2005; Costa et al., 2005; Sulikowski et al., 2004, 2005a, 2007; Joung et al.,
2005; Oddone et al., 2007; Harry et al., 2010). The first two categories are most applicable
to the generalized patterns exhibited by oviparous species, as well as, some viviparous
species inhabiting stable environments (i.e., pelagic, deep water, or equatorial
distributions) that may lack seasonal regulatory mechanisms (Wourms, 1977; Chen et al.,
1996; Watson & Smale, 1998; Liu et al., 1999; Conrath, 2005; Braccini et al., 2006;
Figueiredo et al., 2008; Flammang et al., 2008; Simpfendorfer & Kyne, 2009; Harry et al.,
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2010; Oliveira et al., 2010; Conrath & Musick, 2012). The majority of viviparous species
fall into the third category and display either defined or protracted periods of
reproduction with seasonal patterns of breeding, gestation and parturition (Conrath,
2005; Lutton et al., 2005).
Annual and biennial reproductive cycles are most prevalent in the literature and are
defined as the production of a single brood each year or during alternating years,
respectively.

However, increasing reports of triennial cycles, with a single brood

produced every three years have been published (Smale & Goosen, 1999; Walker, 2005;
Joung & Hsu, 2005; McLaughlin & Morrissey, 2005; Huveneers et al., 2007; Whitney &
Crow, 2007; Colonello et al., 2007b, 2011). These studies have suggested a three year
cycle with lengthy periods of gestation (11-12 months), followed by sequential years of
follicular inactivity (resting phase) and active vitellogenesis. To further complicate
matters, embryonic diapause (post-fertilization, delayed or disrupted development)
(Renfree & Shaw, 2000; Lopes et al., 2004) has been proposed for a growing number of
species (Snelson et al., 1989; Morris, 1999; Villavicencio-Garayzar, 1993; Simpfendorfer,
1992; Wyffels, 2009) and is reportedly universal for the stingaree genus Trygonoptera
(White et al., 2002; Trinnie et al., 2009) and nearly all rhinobatids (Colonello et al., 2011)
studied to date (Waltrick et al., 2012).
Logistic regression has been used extensively to estimate the proportion of females
in maternal condition and for modeling fecundity parameters during the female
reproductive cycle (Mollet, 2000; Walker, 2005). Maximum probability values (Pmax) for
the asymptotic parameter are set equal to 1 (~100%), 0.5 (~50%) or 0.33 (~33%) to
represent annual, biennial or triennial cycles, respectively. These patterns denote the
proportion of females actively contributing to recruitment during a given season. Since,
continuous cycles involve year round (or nearly year round) breeding activity; it may be
difficult to delimit the length of individual cycles from a population in nature due to
asynchronous ovulatory cycles and a lack of seasonal patterns in embryonic development
(Braccini et al., 2006). Consequently, it can be challenging to define temporal periodicity
and recognize the difference between a continuous, aseasonal, reproductive cycle vs. a
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protracted, seasonal reproductive cycle. The monthly pattern of follicular development
(largest follicle diameter, LFD or maximum ovum diameter, MOD) is generally used to
describe the ovarian cycle for species with defined seasonal patterns. Additionally, the
periodicity of gestation among viviparous species is typically measured via patterns of
embryonic development; as previously noted these rates can be brief (several months),
lengthy (10-12 months) or considerably long (two years to reportedly longer) (Martin &
Cailliet, 1988; Tanaka et al., 1990; Conrath, 2005; Braccini et al., 2006; Ellis & Keable,
2008). An additional approach combines these distinctive features (ovulatory cycles and
gestation rates) and incorporates any existing resting phase to establish the time interval
between successive broods. This approach has variably been termed the reproductive
interval or interbrood interval (Conrath, 2005; Walker, 2005; García et al., 2008). The
length of a resting phase can be minimal (ovulation immediately follows parturition) or
involve varying transitional patterns in the timing of gonadal development (alternating
periods of quiescence/regression and recrudescence). For example, species that exhibit
sequential vitellogenesis may require periods that last from several months to two or
more years for completion of the follicular growth phase (i.e., triennial cycle suggested
for Orectolobus spp.; Huveneers et al., 2007). Therefore, it is necessary to establish the
combined periodicities of follicular development, ovulatory cycles, gestation rates and
the duration of any resting period as these parameters collectively describe the frequency
of parturition, which defines the length of the reproductive cycle.
An alternative, yet uncommon reproductive strategy among viviparous species with
short gestation rates is the production of more than one brood per year (defined here as
a multiannual cycle). A triannual cycle for Urotrygon rogersi in Pacific Colombian waters
was suggested due to year round reproduction with three loosely synchronized periods
of ovulation and embryonic development (Mejía-Falla et al., 2012). More recently, an
asynchronous, biannual reproductive cycle was proposed for the small-eyed round
stingray, Urotrygon microphthalmum in coastal waters of Brazil (Santander-Neto et al.,
2016). Additional reports of biannual cycles in the literature are sparse and none to date
have been verified through rigorous collection and analysis of complete datasets.
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Stevens and McLoughlin (1991) noted a plausible biannual cycle for the Australian
weasel shark, Hemigaleus australiensis (=H. microstoma) in northern Australia; additional
observations on H. microstoma from Indonesia, suggest this is potentially a congeneric
trait (White, 2007). On several occasions, biannual cycles have been mistakenly reported
as a result of improper terminology among studies describing the alternating, two-year
periodicity of biennial cycles (Capapé et al., 1990, 2002, 2005a; Awruch et al., 2008a).
Nevertheless, it is intriguing to note that nearly all remaining accounts of potential
biannual reproductive cycles involve myliobatiform stingrays (Perez Flores, 2002; Valadou
et al., 2006; Yokota & Lessa, 2006; Guzmán Castellanos, 2006; Fahy et al., 2007; López
García, 2009; Rubio Lozano, 2009; Palmeira, 2012; Santander‐Neto, 2015; Guzmán
Castellanos, 2015).
The dasyatid stingrays Dasyatis guttata from northern Brazil (Yokota & Lessa, 2006;
Palmeira, 2012) and D. marmorata (=D. chrysonata marmorata) in eastern Atlantic waters
off Mauritania (Valadou et al., 2006) have both been reported to exhibit biannual cycles
from seasonally limited and site restricted data. Further observations of D. marmorata
have demonstrated a possible triannual cycle in central Mediterranean waters (Capapé &
Zaouali, 1995), whereas an annual cycle was reported for Dasyatis chrysonata in coastal
waters of South Africa (Ebert & Cowley, 2009). The taxonomic status of D. marmorata as
a potential synonym of D. chrysonata, as well as the possibility of a third species in
Mediterranean waters requires further work to clarify between reproductive periodicity
of sub-species and phenotypic plasticity among regional distributions (Cowley &
Compagno, 1993; Cowley, 1997). Additional studies have suggested a potential second
cycle or have noted bimodal traits for other myliobatiform rays: Gymnura altavela (Daiber
& Booth, 1960); Dasyatis centroura (Struhsaker, 1969; Capapé, 1993); Himantura
imbricata (=Dasyatis imbricata) (Devadoss, 1978); Urolophus paucimaculatus (Edwards,
1980); Rhinoptera bonasus (Smith & Merriner, 1980); Myliobatis californica (Martin &
Cailliet, 1988); Urotrygon chilensis (Perez Flores, 2002; Rubio Lozano, 2009);
Potamotrygon cf. hystrix (Araújo et al., 2004); Urotrygon nana (Guzmán Castellanos,
2006); Dasyatis longa (López García, 2009); Dasyatis guttata (Palmeira, 2012); and
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Urotrygon chilensis (Guzmán Castellanos, 2015). The annual production of two or more
broods has been recorded for several species in captivity (Potamotrygon circularis, P.
motoro, Dasyatis americana, Pteroplatytrygon violacea, Neotrygon (=Dasyatis) kuhlii)
(Thorson et al., 1983; Henningsen, 2000; Mollet et al., 2002; Oldfield, 2005a, b; Janse &
Schrama, 2010); yet reproductive cycles remain unconfirmed or reportedly annual in wild
populations of these same species (Hemida et al., 2003; Charvet-Almeida et al., 2005;
Véras et al., 2009; Henningsen & Leaf, 2010; Ramírez-Mosqueda et al., 2012).
These reports of biannual cycles have primarily been based on species that
demonstrate bimodal characteristics in ovarian follicular development (e.g., mature
vitellogenic oocytes) and uterine presence of near-term or term fetuses. Such data are
appropriate when continuous sampling regimes establish reliable patterns; however most
studies tend to suffer from inconsistent collection of data, coupled with small sample sizes
(i.e., non-targeted bycatch). Further concern is warranted from studies relying solely on
the presence of juveniles (without distinguishing between neonates and growing young
of year) within proposed “nursery areas”, and which lack sufficient observations of
maternal female specimens (Yokota & Lessa, 2006). Data sources for these reports of
biannual cycles have often been fisheries-dependent with many limitations resulting from
fishing activities within seasonally restricted habitats (Perez Flores, 2002; Yokota & Lessa,
2006; Guzmán Castellanos, 2006; López García, 2009; Rubio Lozano, 2009; Palmeira,
2012; Santander‐Neto, 2015). Such reports may misinterpret an asynchronized, year
round breeding system that lacks any defined periodicity as a biannual cycle. Several
studies that were unable to determine reproductive periodicity have suggested year
round breeding activities were likely (Hemida et al., 2003; Raje, 2003; Hazin et al., 2006;
Téllez et al., 2006; Véras et al., 2009; Acevedo et al., 2015). Likewise, intermittent data
collection on species with complex life histories or seasonal distributions (i.e., extensive
migrations to “wintering grounds”), may inhibit an accurate definition of their complete
reproductive cycles (Struhsaker, 1969; Smith & Merriner, 1980; Dodd, 1983; Martin &
Cailliet, 1988). Thus, in many studies reporting a biannual cycle the ovulatory cycle has
not been confirmed nor has the rate of gestation been verified to determine if each
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female is even capable of repetitive reproductive cycles within a single year. The best
approach to eliminate this situation requires collection of specimens throughout the year
and throughout adjacent habitats to include seasonal distributions and ensure that
sampling of the population occurs throughout the entire reproductive cycle. The data
presented here represents the completion of a previous preliminary report (Fahy et al.,
2007); and demonstrates for the first time, using sufficient data for rigorous analysis, a
definitive seasonally synchronized, biannual reproductive cycle.
3.2 Results
3.2.1 Specimen Composition
A total of 280 yellow stingrays (Urobatis jamaicensis) were collected throughout the
study. Females (n = 208) ranged from 126 to 232 mm DW (𝑥̅ = 193.7 mm ± 1.25 SEM)
and from 104 to 961 g TWadj (𝑥̅ = 489.0 g ± 10.24 SEM). Males (n = 72) ranged from 141
to 216 mm DW (𝑥̅ = 182.7 mm ± 1.36 SEM) and 144 to 612 g TW (𝑥̅ = 395.7 g ± 10.52
SEM) (Figure 3.1). Females grew to larger sizes and attained greater weights than males
(both when considered with and without maternal weight) (Exact 2-Sample Permutation
Test, size: Z = 4.71, P < 0.005; weight: Z = 4.89, P < 0.005). Low encounter rates were
experienced for smaller size classes of both sexes; thus maturity ogives produced only
represent preliminary estimates (see below).
3.2.2 Morphometric Relationships
Following visual inspection of scattergram plots, a curvilinear relationship between
size and weight of both male and female rays was identified and characterized with power
curves following the equation, TW = a*DWb (Female: TW = (1.07×10-5)*DW3.342, r2 = 0.91;
Male: TW = (4.78×10-6)*DW3.497, r2 = 0.73) (Figure 3.2). These equations were linearized
(Female: ln(TW) = ln(3.342*(DW) - 11.448); Male: ln(TW) = ln(3.497*(DW) - 12.252) and
each sex displayed a highly significant relationship between ln(DW) vs. ln(TW) (ANOVA:
Female: F1, 197 = 1871.3, RMSE = 0.108, P < 0.005, n = 199; Male: F1, 69 = 186.5, RMSE = 0.140,
P < 0.005, n = 71). Further examination of the regressions for homogeneity of slopes
(ANCOVA = F1, 267 = 0.02, P = 0.833) and elevation of intercepts (ANCOVA = F1, 266 = 0.45, P
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= 0.252) determined no significant differences in these relationships between sexes.
Therefore, the only distinguishing factor between sexes in size and weight relationship
was, as stated above, the larger size and weight attained by females.
3.2.3 Male and Female Size-at-Maturity and Female Size-at-Maternity
Based upon observations of the combined reproductive variables (uterine and OG
condition, and current LFD) the smallest mature female (#100-04; 6/16/04) measured 148
mm DW, 162 g TW, with a 4.24 mm LFD; and the largest immature female (#253-07;
1/17/07) measured 159 mm DW, 236 g TW, with a 6.42 mm LFD. Additionally, the largest
mature female “virgin” (#178-06, 1/13/06) based upon the condition of both uteri,
measured 175 mm DW, 324 g TW, with a 9.15 mm LFD. The smallest pregnant female
(#97-04, 5/26/04) measured 158 mm DW, 227 g TWadj with a 4.02 mm LFD and a single
offspring in the left uterus. Among male specimens the smallest mature male (#10-02,
3/19/03) measured 161 mm DW, 202 g TW and 3.85 mm CL, whereas the largest
immature male (#157-05, 8/21/05) measured 157 mm DW, 220 g TW, and 2.75 mm CL.
Thus, male samples lacked the necessary convergence (i.e., overlap in mature and
immature sizes) to conduct proper estimates of maturity ogives with logistic regression
procedures.
During logistic regression analyses the maximum probability value for a biannual cycle
was considered to follow an “annual periodicity” in regards to establishing an asymptotic
parameter (Pmax = 1). From a total of 72 males there were 69 designated mature and of
the 208 females, there were 201 mature and 195 maternal. Maturity ogives of male rays
were accomplished with limited sampling of smaller size classes, which indicated a
median size-at-maturity of 159.6 mm DW (DW50%), with all males larger than 164.1 mm
DW (maximum size-at-maturity DW95%) mature (Figure 3.3A-B). The maturity ogive of
female rays was smaller with an estimated median size-at-maturity of 156.6 mm DW
(DW50%), and a maximum size-at-maturity of 162.7 mm DW (DW95%) (Figure 3.3C).
Whereas, the median size-at-maternity (DW50%) was considerably larger at 163.7 mm DW
(DW95% = 175.3 mm DW) (n = 188, N = 201) (Figure 3.3D). Proportionally, these median
size (DW50%) values represent that maturity was attained by 73.9% for males, and 67.5%
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for females of the maximum reported sizes of both sexes (216 mm for males and 232 mm
for females), whereas, maternity was achieved at 70.6% of maximum female size. The
proportional sizes-at-maturity of both sexes are comparable, but noticeably larger for
male rays that have smaller maximum sizes. The median size-at-maturity of male rays
was initially larger than female rays, however, the inclusion of supplemental male data
from Bimini, Bahamas (LaMarca, 1961) provided an increased sampling of smaller size
classes (106 males with 97 mature) that modified the male maturity ogive estimate to a
smaller size (see discussion) (Figure 3.3B). The inclusion of this data resulted in males
attaining maturity at smaller sizes than females, whereas females exhibited a slightly
smaller size at maturity with only my original data included in the analysis. The inclusion
of supplemental data for male specimens further suggests the need to increase sampling
of smaller size classes with improved definitions of mature vs. immature status of both
sexes to verify maturity ogives.
The maturity of male specimens was further assessed with comparisons of clasper
length (CL) (and condition) vs. DW for both original and supplemented data. These
relationships were moderate, but highly significant with a gradual but consistent increase
in CL with increasing size (DW) (Figure 3.4A). The original data was best represented with
a power curve (y = 0.0017x1.9578, r2 = 0.63, ANOVA: F1, 70 = 118.25, RMSE = 0.099, P < 0.005,
n = 72); whereas the analysis with supplemental data had marginally improved fitness
with a linear relationship that further reduced any potential point of inflection (Figure
3.4B). Regardless, males with rigid claspers ca. 35-40 mm CL were mature with a
corresponding range in size of 138-152 mm DW.
3.2.4 Periodicity and Synchrony of Male and Female Reproductive Cycles
Male and female rays each displayed bimodal peaks in breeding activities and
reproductive condition that collectively characterized two discrete annual reproductive
cycles, or a biannual cycle.

Both cycles extended over protracted intervals with

synchronized periodicities displayed both between and within sexes. The temporal
pattern and location of copulatory bites directly corresponded with uterine stages for
both identified cycles, and was primarily associated with pre-ovulatory/post-partum
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females, females that were post-ovulatory to early stage in development, and
occasionally term stage females. Evidence of recent copulatory bites was first recorded
during January, increased in occurrence throughout February and peaked during March.
The frequency of copulatory bites was diminished during April, and only healed mating
scars and remnants from previous breeding activities were recorded during May.
Occasional signs of renewed mating occurred during June, with increased frequency of
copulatory bites from July through August. A second peak occurred during September;
followed again by a quick cessation in breeding activity for the remainder of the year.
Furthermore, field observations of neonates indicated two periods of elevated
frequencies that occurred during January through March, and again from July through
September.
3.2.5 Male Reproductive Cycle
Seasonal trends in testicular development from the mean monthly gonadosomatic
index (GSI) indicated a clear bimodal pattern among male specimens; GSI peaked during
January and a second, smaller peak occurred during July (Figure 3.5A).

Monthly

comparisons were highly significant (ANOVA: F11, 57 = 27.73, MSE = 0.452, P < 0.005, n = 69)
and post-hoc analysis (Tukey HSD test) indicated the major peak that transpired from
November through February and preceded the C1 breeding season was significantly
different from most remaining months. A second minor peak, prior to the C2 breeding
season occurred during July. The July GSI was only significantly larger than surrounding
minimal values (Apr-May and Aug-Sep) recorded between both reproductive cycles (Table
3.1). The periodicity of these peaks in male GSI preceded both ovulatory peaks by ca. 12 months (see 3.2.6). Conversely, trends in mean monthly HSI (Figure 3.5B) displayed an
annual cycle with peak (October) and minimal (March) values corresponding with
transitional patterns in bottom water temperature that ranged between 22-30˚ C (Figure
3.6). Monthly HSI values were significantly different (HSI, ANOVA: F11,57 = 21.18, MSE =
0.461, P < 0.005, n = 69) with a Tukey HSD test demonstrating that the lesser values during
the early part of the year (Jan-Jun) were largely different from the elevated values during
the latter portion of the year (Jul-Dec) (Table 3.2). Maximum HSI values recorded during
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October preceded the patterns in peak GSI leading into the first reproductive cycle (C1),
whereas minimal HSI values during February to March corresponded with peak breeding
activity during C1. Interestingly, both noticeable dips in HSI values (Mar and Sep) were
concurrent with peaks in ovulation and copulatory bites that were indicative of mating
activity.
Male reproductive condition was further assessed with monthly comparisons of
seminal vesicle diameter (SVD) (Figure 3.7). The SVDrel (SVD, relative proportion to male
DW) measurements were used to account for potential variation in sperm production
based on size of male rays. Bimodal peaks in SVDrel occurred during January through
March and July through August and were concurrent with both peaks in the ovulatory
cycle and breeding activities (copulatory bites on females). However, only SVDrel during
the C1 peak (Feb-Mar) was significantly larger than the minimum value recorded during
June (ANOVA: F11, 56 = 3.68, MSE = 0.162, P < 0.005, n = 68) (Table 3.3). Regardless of
bimodal trends in seminal vesicle development, males consistently expressed seminal
fluids throughout the year. However, the presence, density and luminal arrangement of
spermatozoa varied monthly during the biannual cycle (see section, 3.2.5.6). The largest
variations occurred during both periods of peak SVDrel, which corresponded with months
of increased mating activity. Thus, large variations in SVDrel may represent the shedding
of stored sperm during copulation and consequently the reduced luminal contents of
some, but not all animals.
3.2.5.1

Gross Anatomy of Testes

The testes of male U. jamaicensis are paired, dorsoventrally flattened, and elongated
organs that occupy a significant portion of the coelomic cavity. Both testes are welldeveloped in mature males (Figure 3.8); however the left testis is posteriorly folded and
conforms to the greater curvature of the J-shaped stomach (LaMarca, 1961; Spieler et al.,
2013). Furthermore, the weight of the left testis (𝑥̅ = 5.87 g ± 0.498 SEM) was
significantly greater than that of the right testis (𝑥̅ = 4.83 g ± 0.444 SEM) (paired
permutation test: Z = 6.5077, P < 0.005), similar to reports for other myliobatiform rays
(Maruska et al., 1996; Chatchavalvanich et al., 2005; Zaiden et al., 2011; Spieler et al.,
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2013). The combined weight of both testes seasonally fluctuated between 1 to 5% of
total body weight, which is consistent with the range reported for other elasmobranchs
(Hamlett, 1999; Engel & Callard, 2005) (Figure 3.9). Gonadal tissue was intimately
associated with the epigonal organs (lymphomyelopoeitic tissue that functions as a bone
marrow equivalent) forming a gonadal-epigonal organ complex; this association is
typically observed among elasmobranchs (LaMarca, 1961; Hamlett et al., 1999c; Lutton &
Callard, 2007). The anterior, posterior and ventral portions of the organ complex
consisted predominantly of epigonal tissue, whereas the dorsal aspect was composed of
numerous and discrete hemispherical lobules that collectively formed the testicular
parenchyma (Figures 3.8, 3.9).
3.2.5.2

Microanatomy of Testes

The testes-epigonal organ complex of U. jamaicensis was encapsulated by a modest
layer of dense irregular connective tissue (tunica albuginea) and was covered by a serosa
of simple, squamous epithelium. An additional area of connective tissue encompassed
the base of the germinal papilla (GP) and was continuous with narrow interlobular
trabeculae of connective tissue (Figure 3.10). Collagenous fibers and capillaries were
interspersed with the remaining stromal tissues of the testes that formed the incipient
intratesticular duct (ITD) system. Epigonal tissue was concentrated in the ventral and
posterior regions of the organ complex, but was pervasive throughout the interlobular
spaces. Additionally, epigonal tissue with an abundance of lymphocytes and eosinophilic
granulocytes regularly extended into the region of connective tissue that encircled the GP
and also within the interlobular trabeculae. The proportion of epigonal tissue viewable
in histological sections varied seasonally with testicular development, and was therefore
more prevalent during periods of regression when GSI values were minimal.
The cystic organization of spermatogenesis was consistent with the compound testis
subtype described for batoid elasmobranchs (Pratt, 1988) with spermatocysts radiating
both peripherally from the germinal zone (GZ) of each lobule and ventrally across the
diameter of the gonad (LaMarca, 1961; Babel, 1967) (Figure 3.11A-B). During active
periods of proliferation, successive stages of developing spermatocysts were continually
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displaced away from the GZ to the peripheral aspect of each lobule in a dorsoventral
progression. In histological cross-sections, spermatogenic zones developed with a fanlike spatial organization as radial displacement was less extensive than diametric
migration of spermatocysts across the lobule. This pattern resulted in an expansive
terminal zone (TZ) that arched around the entire ventral aspect of each lobule (resembling
an inverted umbrella), and which often extended dorsally throughout the peripheral
segments to within close proximity of the GZ (Figures 3.11B, 3.12). During both peak
periods of GSI and throughout each subsequent degenerative phase, the TZ was extensive
with only a thin layer of connective tissue (representing the interlobular trabeculae)
separating adjacent lobules (Figure 3.13).
Each of the three immature males exhibited all seven stages of spermatogenesis,
however the testicular lobules were noticeably reduced in size and the organ complex for
each specimen consisted predominantly of epigonal tissue with abundant eosinophilic
granulocytes (Figure 3.14). Additionally, intratesticular ducts (ITDs) were more readily
observed in immature testes, as spermatocysts were less numerous and more dispersed
than in mature testes. Transverse sections of testicular lobules through the GP, consisted
mostly of varying levels of Stage II and Stage III spermatocysts. However, coronal sections
of some lobules had limited peripheral Stage VI and Stage VII spermatocysts that occurred
inconsistently among adjacent lobules with extensive intervening levels of epigonal
tissue. Regardless, in these immature males, claspers were reduced in size and partially
calcified, with incomplete development of genital tracts. Occasionally, marginal amounts
of non-aggregated, individual sperm occurred in small clusters within the anterior
segment of epididymides.

Signs of elevated granulocyte and lymphocyte activity,

suggested these spermatozoa were no longer viable and undergoing a process of removal.
3.2.5.3

Testicular Zonation

The spermatogenic progression of U. jamaicensis testes was characterized by changes
in size and composition of both cell types and overall diameter of spermatocysts with
sequential stages of maturing spermatocysts aligned in concentric zones that were
radially and diametrically displaced to the periphery of testicular lobules (Figure 3.15).
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Developing spermatogonial stages initially underwent an undetermined number of
coordinated mitotic divisions, followed by four additional spermatogonial divisions once
Sertoli cells ceased to divide. This process is typical of chondrichthyans and generated
initial spermatoblasts with a ratio of 16 spermatocytes per Sertoli cell.

The two

subsequent meiotic divisions resulted in spermatoblasts with a total of 64 spermatids per
Sertoli cell throughout spermiogenesis. The development of spermatocysts associated
with each zone was further characterized by the seven stages of spermatogenesis
recognized during the current study, as follows. The GZ consisted of both the GP and the
“apical” region of the hemispherical lobules that encompassed the GP (Stage I). The premeiotic zone represented a graded transition from the GZ through the early and advanced
stages of spermatogonial proliferation (Stage II). The meiotic zone was composed of
primary and secondary spermatocytes (Stage III), whereas the post-meiotic zone was
characterized by variable stages of differentiation during spermiogenesis (Stages IV-VI).
Terminal stage spermatocysts (Stage VII) consisted of two distinct categories that were
each the result of separate developmental outcomes. The “partial” degenerative zone
(DZ) was associated with spermatocysts that failed to complete late stage spermatogonial
development (SIIb), whereas the peripherally located terminal zone (TZ) resulted from
spermiation (SIIa). However, both types were collectively designated as terminal stage
spermatocysts, since Sertoli cell remnants of collapsed spermatocysts displayed similar
attributes and eventually converged. Occasionally spermatocysts out of sequence were
encountered during the dorsolateral to dorsoventral progression (i.e., one stage behind
or ahead of adjacent spermatocysts) that likely represent viewing artifacts due to the
complex nature of rounded lobules examined in the two dimensional plane of transverse
sections.
3.2.5.4

Stages of Spermatogenesis

3.2.5.4.1

Stage I (SI)

The GP was observed as a small rounded protuberance to a moderately elongated
tubular mass that consisted of loosely arranged primordial germ cells, primary
spermatogonia (SG1), and pre-Sertoli cells. The large SG1 with a light staining cytoplasm
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and a round, euchromatic nuclei was quite conspicuous among the surrounding smaller
mesenchymal-like cells (e.g., primordial germ cells and pre-Sertoli cells) (Figure 3.16A).
The prevalence of SG1 increased toward the basal portions of the GP, and during the
continued descent into the subjacent GZ. Aggregations of SG1 formed columns (or genital
cords) with numerous pre-Sertoli cells as both cell types descended from the GP during
the graded transition into the testicular lobule proper. Pre-Sertoli cells in both the GP
and GZ were thin and characterized by heterochromatic, crescentic nuclei that conformed
to the contours of SG1 (Figure 3.16B). Primordial spermatocysts appeared to initially form
within these genital cords when a single primary spermatogonium associated with a single
pre-Sertoli cell. The cords of primordial spermatocysts remained embedded within the
testicular stroma that was comprised of areolar connective tissue (CT) with abundant
collagen fibers, and a series of unassociated pre-Sertoli cells that likely gave rise to the
emerging ITD system (Figure 3.16C).
3.2.5.4.2

Stage II (SII)

Definitive early stage spermatocysts were observed when the entire structure was
bounded by a basement membrane (BM), and was further characterized by both the
mitotic division of SG1 into smaller secondary spermatogonia (SG2) and pre-Sertoli cell
differentiation to form functional Sertoli cells (Figure 3.16D). Secondary spermatogonia
were roughly half the size of SG1 and contained spherical nuclei with coarse and patchy
heterochromatin, whereas Sertoli cells during this stage were similar sized with
euchromatic, ovoid to triangular shaped nuclei (Figure 3.16E). Early stage spermatocysts
initially consisted of a single, unorganized layer of both cell types that subsequently
formed two concentric layers with an emerging lumen. Secondary spermatogonia lined
the periphery, just interior to the basement membrane (BM), whereas Sertoli cell nuclei
were arranged in an adluminal position. Prior to the peripheral migration of Sertoli cell
nuclei, spermatocysts with four or less layers of SG2 represented the proliferative phase
(or basal proliferation) of earlier stage spermatogonia (SIIa) (Figure 3.16F). Advanced
spermatogonial spermatocysts (SIIb) increased in size as additional rows of SG2 (up to
eight total rows) eventually occluded the lumina of spermatocysts and Sertoli cell nuclei
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were further displaced to the periphery of each spermatoblast (Figure 3.16G). The
completion of pre-meiotic development was defined as the differentiation of
spermatogonia into larger sized primary spermatocytes (SC1) and the completion of the
Sertoli cell peripheral migration.
3.2.5.4.3

Stage III (SIII)

Meiotic stage spermatocysts were large in diameter, lumina remained fully
occluded and the peripheral migration of Sertoli cell nuclei was complete. The meiotic
zone was dominated by SIIIa spermatocysts with SC1 (Figure 3.16H), whereas SIIIb
spermatocysts with secondary spermatocytes (SC2) were infrequent and typically
observed during the transition between meiotic divisions (i.e., SIIIa to SIIIb or SIIIb to SIV)
(Figure 3.16I). Primary spermatocytes were considerably larger than SG2 and had large,
round nuclei with prominently condensed chromatin that were often concentrated in the
periphery of nuclei. Meiotic figures were consistently observed during extensive periods
of proliferation (generally this occurred during both periods of recrudescence when GSI
recovered from minimal to maximal values), with transitional spermatocysts often
displaying neighboring spermatoblasts in different stages of development (as noted
above).

Secondary spermatocytes also displayed round nuclei with prominently

condensed chromatin but were more intensely basophilic (darker) and roughly half the
size of SC1. Meiotic spermatocysts occasionally intermixed with advanced post-meiotic
stages and were often seen isolated between several SIV spermatocysts (Figure 3.16H).
Regardless, these consecutive stages presented nuclei with clear differences in size and
appearance that provided distinguishing characteristics between each stage of
development.
3.2.5.4.4

Stage IV (SIV)

Post-meiotic phase spermatocysts were initially characterized by noticeably
smaller, unorganized spermatids (ST) with round and completely heterochromatic nuclei
(round spermatids) (Figures 3.16H, I). Sertoli cell nuclei were round to ovoid, euchromatic
and continued to enlarge. Individual spermatoblasts were fairly discernible as round
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spermatids formed organized clusters that aligned in irregular rows with each Sertoli cell
(Figure 3.16J). This organization coincided with the initial formation of eosinophilic
flagellar tails that partially extended into the reemerging lumina of spermatocysts. As
lumina continued to expand, SIV spermatocysts achieved the largest diameter of any
stage and the organization of spermatids within each spermatoblast became more
uniform in appearance (Figure 3.16K). The differentiation of round spermatids was
initially characterized by the formation of tear-shaped or elliptical nuclei during the onset
of spermatid elongation.
3.2.5.4.5

Stage V (SV)

During the early stages of spermiogenesis the eosinophilic tails of immature
spermatozoa were largely developed and spermatid nuclei continued to elongate and
orient towards the peripherally located Sertoli cell nuclei (Figure 3.16L). The size of SV
spermatocysts was slightly reduced in comparison with the maximum development of SIII
and SIV spermatocysts. The transition of elongated spermatids to immature spermatozoa
was characterized by the loose formation of linear arrays that had the beginnings of
nuclear spiraling.

Sertoli cell nuclei continued to enlarge, and euchromatic nuclei

remained ovoid to round in shape with prominent nucleoli. Occasionally, small and round
supranuclear eosinophilic Sertoli cell bodies appeared in the Sertoli cell cytoplasm,
adjacent to the elongated nuclei of immature spermatozoa.
3.2.5.4.6

Stage VI (SVI)

During the latter stages of spermiogenesis, definitive, spiral-shaped spermatozoa
were arranged in dense aggregates with darkly stained, heterochromatic nuclei and long
eosinophilic tails (Figure 3.16M).

In spermatocysts completing maturation, sperm

aggregates were tightly bundled and organized into cone-shaped packets with apices that
remained oriented peripherally towards the Sertoli cell nuclei (Figure 3.16N). The round
and euchromatic nuclei of Sertoli cells remained enlarged and the supranuclear
eosinophilic bodies in the Sertoli cell cytoplasm were larger and more prevalent during
the terminal stages of spermiogenesis (Figure 3.16O). Mature spermatocysts were
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located along the periphery of lobules with an intervening layer of terminal stage
spermatocysts (SVII) typically occurring between SVI spermatocysts and the surrounding
epigonal tissues (Figures 3.12, 3.13).
3.2.5.4.7

Stage VII (SVII)

Terminal stage spermatocysts were divided into two separate categories that
were associated with either the completion or cessation of spermatocyst development
(as noted above).

The multifaceted terminal zone (TZ) was initially comprised of

spermatocysts undergoing spermiation (SVIIa) (Figure 3.16P), which closely followed the
completion of spermatogenesis and disassociation of spermatoblasts. During active
spermiation, spermatocysts contained dense accumulations of unorganized, individual
spermatozoa that were dispersed throughout the entire lumen (Figure 3.16P). The
subsequent progression of the TZ consisted of evacuated spermatocysts that were either
completely void or contained marginal remnants of spermatozoa. Following spermiation
the ruptured Sertoli cells remained partially intact with nuclei and portions of the basal
cytoplasm still located in the peripheral regions of evacuated spermatocysts (Figure
3.16Q). The collapse of terminal zone spermatocysts initially appeared flattened or
laterally compressed (Figure 3.16R).

Once spermatocyst lumina were completely

collapsed the hypertrophy of either all or only a select subset of Sertoli cell remnants,
associated with secondary differentiation closely followed (Figure 3.16S). The enlarged
Sertoli cells formed cords of collapsed cells that were lightly stained with large, round
central nuclei (Figures 3.16S, 3.16T). These TZ cords eventually developed into glandularlike structures that resembled collapsed ovarian follicles undergoing luteinization (Figure
3.13). All stages of spermiating and collapsing spermatocysts in the TZ were continuous
with surrounding solid cords of the incipient ITD system. Both groups of cells eventually
formed patented lumina that established branches of collecting ducts at the periphery of
testicular lobules (Figure 3.16T).
The second category of terminal stage spermatocysts produced a “partial”
degenerative zone (DZ) (SVIIb) that initially occurred at the SII-SIII transition, as the result
of a meiotic block during spermatogenesis. The formation of the DZ occurred during the
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advanced stages of spermatogonial development, and was first recognized by the
occurrence of apoptotic characteristics that consisted of large, multinucleated germ cells
(MNC) and a vacuolization of spermatocysts (McClusky, 2005, 2011) (Figures 3.16U,
3.16V).

These pre-meiotic, SIIb spermatocysts failed to develop and gave rise to

degenerating cords of collapsed Sertoli cells, which displayed hypertrophied cell bodies
with large round, euchromatic nuclei resembling the large round cells of collapsed cords
within the TZ (Figures 3.16W, 3.16X). The degenerative cords formed radial columns that
intermingled with the ITD system, then gradually extended through the meiotic and postmeiotic zones, and eventually converged with the TZ (Figures 3.16Y, 3.16Z).
3.2.5.5

Seasonal Patterns of Spermatogenesis

Monthly histological examination of U. jamaicensis testes and genital ducts (see
below) identified that production and storage of spermatozoa occurred throughout the
year with only minor discrepancies.

All seven stages of spermatogenesis were

consistently observed throughout the year (Figures 3.17, 3.18); however a gradual but
incomplete removal of sequential stages was observed as a result of the meiotic block
during both reproductive cycles. Although spermatogenesis was disrupted during each
cycle, testicular lobules persisted throughout the year with no indication of distinct
zonation into primary and secondary lobules, as reported for other myliobatiforms with
well-defined annual reproductive cycles (Babel, 1967; Lewis, 1982; Mull et al., 2008).
Regardless, the size of lobules and total number of spermatocysts during peak
development were considerably larger during January (C1) than during July (C2) (Figures
3.9A-D, 3.19).
Although GSI was characterized by two discrete peaks in testicular development, the
variable size of each peak corresponded with differing patterns in the proliferative and
degenerative processes of spermatogenesis during each cycle.

The differences in

proliferation were characterized by: the extent of production of SIIa spermatocysts (or
basal proliferation), transitional patterns between subsequent SIIb and SIII stages (i.e.,
gradual or abrupt), and the continued growth and development of each stage (i.e.,
number of spermatocysts per stage and level of active mitotic and meiotic figures).
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Degenerative processes were identified by the location and extent of DZ development
and the elevated frequency of MNC within SIIb spermatocysts. The formation of DZ cords
at the SII-SIII transition characterized a meiotic block in progress, whereas the progression
of DZ columns through successive stages of spermatocysts was considered to be
previously differentiated spermatocysts traversing the lobule from the transitional DZ
(Figures 3.16Y, 3.20). Further, the accumulation of spermiated masses (Figure 3.21, see
below) and corresponding patterns in the cycle of TZ formation and differentiation, were
identified as transitional indicators between reproductive cycles with the latter
potentially forming a regulatory mechanism (i.e., steroidogenesis). The largest masses of
“trapped” sperm were recorded during April and September when GSI was minimal and
degenerative processes of the collecting ducts (CD) forming at the epigonal interface
occurred.
3.2.5.5.1

Transitional Periods

The transitional period between the two reproductive cycles was characterized by
gradually overlapping proliferative and degenerative processes. Initially, the pattern was
identified by declining rates of SIIa basal proliferation and extensive spermiation of
mature spermatocysts that coincided with the decrease in GSI during testicular regression
(Feb-Apr and Aug-Sep). The transitional periods were further delineated by transient
meiotic blocks, which were characterized by the “partial” degeneration of advanced
stage, pre-meiotic spermatocysts (SIIb).

Additionally, a brief interruption in

spermatogenesis resulted from a temporary cessation or diminished level of basal
proliferation during the months of March and July. The cessation in proliferation was
recognized by an abrupt transition in the progression from SIIa to SIII with little to no
indication of spermatogonial stage mitotic figures or DZ formation (Figure 3.22).
3.2.5.5.2

Proliferative Phase

Early stage spermatocysts (SII) remained the predominant stage throughout the
year, with two distinct periods of proliferation (Figures 3.17). Peak proliferation of SIIa
spermatocysts coincided with increasing GSI, during testicular recrudescence (C1: Sep43

Oct and C2: May-Jun). Only during the final months of spermatogenesis, during the
primary cycle (Jan and Feb), was SIIb spermatocysts slightly more numerous than the
smaller SIIa spermatocysts (Figure 3.17). Development and growth of SIIa spermatocysts
during the C1 proliferative phase (Aug-Feb) was extensive, and gradually transitioned with
the expanding SIIb and SIII zones (Figure 3.19E-H). Initially, C1 proliferation was offset by
degenerative processes as the ongoing meiotic block persisted through September, but
SII-IV demonstrated considerable growth following the completion of the transitional
period during October. Degenerative attributes were minimal or absent during the C1
peak proliferative phase (Oct-Feb) with little to no occurrence of MNCs to support an
active meiotic block with apoptotic removal of germ cells. As would be expected during
degenerative conditions, the DZ cords were reduced and primarily dispersed throughout
the post-meiotic zones opposed to the SII-SIII transitional zone. The lengthy duration of
C1 proliferation (Oct-Feb) involved continued growth and differentiation of
spermatocysts through April with degenerative activity limited to the aforementioned
transitional periods. In contrast, the truncated C2 proliferative phase (Apr-Jun) coincided
with continuous degenerative processes with a brief surge in spermatocyst growth and
differentiation that peaked during May and was positioned between both periods of
cessation.
3.2.5.5.3

Degenerative Phase

The presence of degenerate spermatocysts and DZ cords occurred throughout
most of the year (Jan-Oct), but was more frequently seen during and immediately
following each meiotic block. The increased prevalence of MNC and synchronized
development of DZ cords occurred at the SII-SIII transition, this resulted in the partial to
complete loss of advanced, pre-meiotic spermatocysts (SIIb) during the months of each
meiotic block (Mar-Jun and Aug-Oct). Peak degenerative traits (C1: Apr/May and C2: Sep)
corresponded with both periods of minimal GSI, and were each subsequently followed by
waves of removal and recovery of sequential stages. However, once SIII was attained,
there was no indication that spermatogenesis failed to complete development as meiotic
and post-meiotic zones (SIV-SVI) continued to mature and differentiate.

At first,
44

degenerative spermatocysts were isolated and scattered among the advanced SII
periphery, but eventually merged into degenerative cords that ultimately coalesced with
the incipient ITD system (Figure 3.16V-Z). This partial degenerative zone traversed the
meiotic and post-meiotic zones, extending between viable spermatocysts in successive
stages of development (Figure 3.20). The patterns of zonation gradually progressed
across the lobule and extended from the SIIb-SIII transition, through meiotic and postmeiotic zones, and eventually converged with the TZ around the periphery of each lobule.
Post-spermiation spermatocysts were observed throughout the year; however
during initial testicular regression (Jul-Aug and Jan-Mar) the developing TZ consisted
predominantly of recently evacuated spermatocysts (Figure 3.23). During the transitional
periods, both evacuated and differentiated spermatocysts occurred in roughly equal
proportions but this gradually changed to extensive accumulations of differentiated
spermatocysts. The differentiated spermatocysts consisted of hypertrophied Sertoli cells
that eventually formed large aggregations during periods when GSI was minimal (Apr &
Sep) (Figure 3.24). Furthermore, the timing of maximum TZ differentiation coincided with
observations of extensive spermiated masses (Figures 3.21, 3.24).

During C1

recrudescence (Oct-Dec), the TZ lineages were reduced with simultaneously declining
luminal contents in the genital ducts (see, 3.2.5.6).
3.2.5.6

Gross Anatomy of Genital Ducts

The organization of the paired male genital ducts closely followed the detailed
descriptions of LaMarca (1961); however, the figures and text use a more current
terminology (see also Spieler et al., 2013), and provide several novel observations. The
extratesticular ducts were recognizable in gross dissection and in a typical proximal to
distal arrangement that consisted of epididymides, ductus deferentes, and seminal
vesicles (Figure 3.25). The epididymides were generally smaller in diameter and highly
convoluted, but displayed a large increase in development during periods associated with
peak spermiation. The epididymal ducts transitioned into the more sinuous and gradually
expanding ductus deferentes, which was partially embedded within the ventral portion
of the Leydig glands. Distally the ducts exited the Leydig glands, and abruptly enlarged in
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diameter to form the seminal vesicles. The course of the seminal vesicles completed an
S-shaped, double-folded bend that distally converged with the contralateral duct within
a common urogenital sinus. The seminal fluid contents were emptied through the
urogenital papilla, which ultimately terminated within a highly folded, common cloaca.
The alkaline glands (formerly, termed sperm sac) were situated ventrolaterally along the
posterior portions of the seminal vesicles and were continuously distended with fluids
throughout the year.
3.2.5.7

Microanatomy of Genital Ducts

Microscopically, the structure and development of the intratesticular (intercystic,
interlobular, and collecting ducts) and extratesticular ducts (ductuli efferentes,
epididymides, ductus deferentes, and seminal vesicles) displayed seasonal variation in
tissue architecture that corresponded with patterns in spermatogenesis.

The

predominant epithelium throughout the genital ducts was ciliated, simple columnar with
transient levels of secretory activity observed. However, epithelial type transitioned
between simple cuboidal and simple columnar, with varying levels of mucosal complexity,
between sequential segments of the genital ducts. Additionally, the occurrence of
multiple cell types in portions of the collecting ducts, epididymides and seminal vesicles,
occasionally appeared to be a ciliated pseudostratified epithelium but this will require
further ultrastructural evaluation to adequately verify. Secretory (or principal) cells were
abundant, with numerous ciliated cells interspersed throughout the luminal epithelium.
A third population of vacuolated and often enlarged basal cells was consistent with
proposed intraepithelial leukocytes in other chondrichthyans (Jones & Lin, 1993; Jones &
Hamlett, 2006; McClusky, 2015), but they may represent a potential fourth cell type.
Seasonal fluctuations were observed in luminal size and shape of the genital ducts
(primarily the anterior and intermediate divisions of the epididymides), and in the
development of stromal tissues between the tubules. Furthermore, the composition of
luminal contents displayed two patterns in density and organization that corresponded
with both spermatogenic cycles. Likewise, both increased development and secretory
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activity of the Leydig glands and alkaline glands coincided with peak levels of spermiation
during both mating periods.
3.2.5.7.1

Intratesticular Ducts

The intratesticular duct (ITD) system initially formed in the GZ as solid cords of
duct cells that were closely associated with developing primitive spermatocysts (Figures
3.15, 3.16C). During the outset of spermatogenesis, multiple pre-Sertoli cells were
associated with a single primary spermatogonium (SG1), and gathered in clusters or
“nests” within the GP (Figure 3.16A-D). These nests of cells then descended together into
the GZ, however only one pre-Sertoli cell likely remains paired with the SG1, and
subsequently differentiates into a true Sertoli cell to form a primordial spermatocyst
(Figure 3.16B-C). The residual clusters of unassociated pre-Sertoli cells appeared to form
solid cords of irregularly shaped cells with elongated, heterochromatic nuclei that shared
a basement membrane (BM) with multiple spermatocysts (Figures 3.16C, 3.26).
Eventually, cords of duct cells transformed into parallel layers of simple cuboidal
epithelia, separated by a thin “stromal core” of intervening collagenous fibers (Figure
3.27). These solid cords of duct cells apparently formed a ubiquitously complex network
of stromal tissue between developing spermatocysts that ramified through the entire
testicular lobule and comprised the incipient ITD system.
Observations of the ITD system were uncommon due to the complex and crowded
arrangement of spermatocysts.

Nonetheless, spermatocysts from all stages of

development were visibly attached to branches of the ITDs; however, intercystic branches
were viewed more frequently within the initial and terminal zones of spermatogenesis,
particularly during periods of degeneration. These solid cords of duct cells remained
predominantly occluded until achieving SVI and SVII zones, where they eventually formed
patent lumina that were confluent with spermatocysts undergoing spermiation (Figure
3.28). Patent ducts with or without cilia often contained individually arranged sperm with
several forms of luminal elements transiting the ducts (see below).
The now patent ITD system subsequently enlarged and transitioned into small
branches of the collecting ducts along the testis-epigonal interface. The collapse of
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degenerative (DZ) and post-spermiation (TZ) spermatocysts was associated with a
secondary differentiation of Sertoli cells, which remained embedded within the ITD
system and eventually formed a component of the epithelium (Figures 3.28D-E, 3.29,
3.30, 3.31C-E). Thus, as the two systems coalesced, the initial branches of collecting ducts
consisted of ciliated cuboidal cells of the ITD system, interspersed with (post-spermiation)
differentiated Sertoli cells (Figures 3.16R, 3.31C). These hypertrophied Sertoli cells
transformed into large, round cells with a clear stained cytoplasm and large round
euchromatic nuclei. Among degenerative spermatocysts, remnants of Sertoli cells initially
formed clusters between spermatocysts that resembled interstitial cells, and therefore
may represent presumptive Leydig cells in morphology, location, and function (Figures
3.16W-X, 3.29). Differentiated cysts were originally interspersed among duct cells, but
eventually accumulated and formed collections of large glandular-like structures between
lobules (Figure 3.24). During both peak degenerative phases (Apr and Sep), lengthy
columns of intercystic degenerative cords extended across multiple spermatogenic zones
(Figure 3.16Y-Z), these cords ultimately converged with the developing interlobular and
peripheral TZ (Figure 3.20). Prior to differentiation, portions of the transitional collecting
ducts were actively removed by regionalized infiltration of eosinophilic granulocytes
throughout the TZ (Figure 3.30).
3.2.5.7.2

Collecting Ducts

The smaller transitional branches of the collecting ducts emerged directly from
numerous ITDs and these continuous structures gradually expanded and merged to
become increasingly larger collecting ducts (Figures 3.23A, 3.31A-C). Collecting ducts
were primarily composed of simple columnar epithelium with elongated cilia and a welldeveloped circular layer of connective tissue (Figures 3.31E-F, 3.32). However, the
surrounding connective tissue initially presented a thinner layer of longitudinally
arranged collagenous fibers within the TZ (Figure 3.31B-D). Furthermore, differentiated
Sertoli cells persisted as dispersed cells scattered throughout the ductal epithelia and
eventually remained a predominant component of the collecting ducts during both
degenerative phases (Figures 3.31D, 3.32). These enlarged cells occasionally extended as
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far as the longitudinal duct. The entire TZ (interlobular and peripheral regions) and likely
cords of degenerative cysts that have completed their peripheral relocation coalesced to
form a series of ductules that drained the lateral and anterior segments of each lobule
(Figures 3.21, 3.23A). The simple columnar epithelium of segmental branches was more
uniform in structure and consisted of elongated euchromatic nuclei with domed apices,
and occasional apical blebs (Figure 3.31D). These segmental branches formed lobular
collecting ducts with an increasing layer of surrounding connective tissue, which extended
through epigonal tissue and eventually converged into the larger longitudinal collecting
duct (Figure 3.32F). The single longitudinal collecting duct (LCD) was positioned in close
proximity to the testis-epigonal interface when lobules were enlarged and GSI was
elevated. During other times of the year when lobules were regressed, these ducts were
completely isolated and deeply embedded within the ventral portion of the epigonal
tissue (Figures 3.19, 3.33). The LCD consisted of tall, ciliated columnar epithelium
surrounded by a prominent, circular layer of connective tissue. The two primary cell
populations of genital duct epithelia persisted throughout the length of the LCD, whereas
differentiated Sertoli cells gradually dissipated and eventually were no longer present.
Secretory cells of the collecting duct epithelium had round or elongated nuclei in the
lower portions of the cells and often exhibited apical blebs.

Ciliated cells were

interspersed among the secretory cells, with elongated nuclei in the apical portions of
cells (Figure 3.34). A third population of basally situated intraepithelial leukocytes was
observed with increasing frequency in more distal segments of the collecting ducts. The
longitudinal collecting duct gradually expanded and transitioned into the ductus efferens.
Collecting ducts exhibited seasonal signs of deterioration with increased
infiltration of eosinophilic granulocytes during the conclusion of degenerative phases of
both cycles (Apr-May and Sep) (Figure 3.30). The intermediate segmental collecting ducts
that were confluent with the ITDs were ephemeral and experienced temporary occlusions
that were attributed to the stenotic loss of patency of ductal lumina. This discontinuity
of the ductal system, in turn, likely attributed to the accumulation of extensive
spermiated masses during April and September when maximal degenerative processes
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occurred (Figure 3.21). Conversely, similar observations of “trapped” sperm masses
during January appeared to also result from spatial limitations within the extratesticular
ducts, which, in this case, followed extensive spermiation and incomplete development
of the intermediate ducts. The lobular CDs remained largely developed during the onset
of degenerative processes that followed C1, and apparently required only a brief period
to re-establish a patent connection with the ITDs for sperm to regain entrance into the
genital ducts. However, the truncated proliferation associated with C2 and the continued
degeneration of pre-meiotic spermatocysts resulted in a more complete loss of
intermediate stages, which may have delayed the development of branches of the
segmental collecting ducts during the subsequent cycle.
3.2.5.7.3

Ductus Efferens

The ductus efferens (aka efferent duct) originated as a singular duct that was
fundamentally a continuation of the LCD. The ductus efferens exhibited a similar ciliated,
columnar epithelium to the LCD, however, luminal size was increased and the slightly
irregular epithelium was beginning to form marginal folds or ridges (Figure 3.35).
Terminally, the ductus efferens was heavily invested in a circular layer of connective tissue
and completely surrounded by epigonal tissue. Proximal to the epididymis, the ductus
efferens divided into several smaller branches that converged separately with adjacent
regions of the initial segment of the anterior epididymis. Histology of the ductus efferens
was inadequate, thus any potential seasonal variation in structure remains uncertain at
this time.
3.2.5.7.4

Epididymis

The highly convoluted ducts of the epididymides presented multiple views of the
continuous structure from transverse and longitudinal sections. The epididymis consisted
of three distinct zones or divisions (anterior, intermediate, and posterior) with a fourth
transitional division identified between the ductus efferens and anterior epididymis
(Figure 3.35D-F). The anterior division was further sub-divided into proximal and distal
segments. Epithelial types gradually transitioned between all epididymal divisions and
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segments, with noticeable differences in the structural morphology (i.e., size and shape)
of luminal mucosae, and epithelial cell type. The zones alternated between columnar and
cuboidal epithelia with variable lengths of cilia and secretory activity. During periods of
regression and early recrudescence the ductal lumina were noticeably reduced with a
more pronounced stroma of subjacent connective tissue. The stroma was modestly
invested with thin strands of smooth muscle fibers that became increasingly more
prevalent in distal segments. The density and spatial arrangement of spermatozoa and
luminal elements also exhibited temporal variation throughout the genital ducts during
these periods.
There was a rapid transition from the terminal branches of the ductus efferens to
the “initial” segment of the anterior epididymides, which became modified from a
ciliated, low columnar epithelium, to a highly irregular epithelium that substantially
increased in both cell size and length of cilia. The origin of the epididymis was complexly
folded, and characterized by extensively developed compound acinar glands that formed
within deep invaginations throughout the entire thickened mucosa (Figure 3.35D-F). The
considerable number of acini produced stellate lumina that continued to expand
throughout recrudescence and remained enlarged during periods of increased
spermiation (Figure 3.36). In contrast, during the brief, transitional nonreproductive
periods (e.g., May) the lumina were noticeably collapsed and the stellate pattern became
increasingly attenuated (Figure 3.37A-D). Likewise, this same pattern was consistent
throughout the remaining proximal segment of the anterior epididymides with acinar
glands numerous but dispersed as individual secretory crypts (Figure 3.36E). The luminal
and glandular epithelia consisted of secretory cells with round or elongated euchromatic
nuclei that were variably situated in the basal portions of cells, and ciliated cells with
round or elongated euchromatic nuclei located in the apical portions of cells (Figures
3.36E-F, 3.37F). Intraepithelial leukocytes were present throughout all portions of the
genital ducts, with an increased prevalence during the extensive degenerative processes
that followed the completion of C2 (Oct-Nov). Stromal connective tissue was consistently
scant throughout the anterior epididymides, but became noticeably more developed
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during periods of regression when lumina were collapsed and luminal contents were
diminished (Figure 3.37). The distal segment of the anterior epididymis was highly
secretory during periods of sperm transport, and occasionally produced extensive
amounts of eosinophilic material that lined the entire luminal epithelium (Figure 3.36F).
The ciliated columnar epithelium was visibly reduced in height, with acini no longer
present, however moderately sized mucosal folds or longitudinal ridges persisted.
Intraepithelial leukocytes remained prevalent throughout the anterior epididymis and
gradually decreased as the ductal system transitioned into the intermediate epididymis.
The intermediate epididymis consisted of a uniformly simple cuboidal epithelium
with noticeably shorter cilia (Figure 3.38), and transitionally exhibited a low simple
columnar epithelium between adjacent segments and in general during non-reproductive
periods (Figure 3.39). The secretory and ciliated cells displayed characteristically round
or elongated euchromatic nuclei at variable positions, whereas occasional intraepithelial
leukocytes were typically large and extended through the entire epithelium.

The

diameter of the lumina and extent of stromal development varied with reproductive
condition, which displayed a biannual pattern in morphology. The luminal diameter was
considerably enlarged during the periods surrounding peak breeding activities, most
notably following maximum proliferation and spermiation during C1 (Dec-Feb/Mar).
Distention of the expansive, intermediate epididymis from an excessive accumulation of
dense, but non-aggregated, sperm in the epididymal lumen resulted in dimensions that
were considerably larger than the ductus deferens during peak development (Figure
3.38A-B). Furthermore, stromal tissues were diminished during periods of extensive
sperm production, but became increasingly more profuse when the size and contents of
lumina were reduced (Figure 3.38D-F).
The posterior epididymis consisted of a ciliated columnar epithelium, with
moderately sized longitudinal folds that developed concomitantly with increasing
prevalence of Leydig gland tubules in the surrounding tissues. This epithelium was highly
secretory with numerous apical blebs that became more prevalent with a distal
progression (Figure 3.40).

Furthermore, the formation of linear sperm aggregates
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occurred at the transition from the intermediate to posterior epididymis, which suggests
that Leydig gland secretions may also occur at this level. The ducts remained elongated
but were marginally decreased in luminal diameter, in comparison with the preceding
intermediate epididymis (Figure 3.40B). However, the smooth muscle fibers of the
supporting stroma were more prevalent in the previous epididymal divisions. Distally, the
epididymides attained a gradually increasing size and eventually transitioned into the
generally larger and more sinuous ductus deferens. During this transition, the columnar
epithelium became slightly irregular and developed more extensive and complex folds
that occasionally formed basal secretory acini (Figure 3.41). Once again, increased levels
of intraepithelial leukocytes and stromal granulocytes, with evidence of luminal
degeneration, occurred during the non-reproductive period following C2 (Oct-Nov).
3.2.5.7.5

Ductus Deferens

The ductus deferens was composed of a ciliated columnar epithelium with
abundant secretory cells that had basally located euchromatic nuclei that were round or
occasionally ovoid with prominent nucleoli.

There were considerable spatial and

temporal differences in cellular height and secretory activity that varied with luminal
contents and absorptive traits (vacuolated and “foamy” in appearance) (Figure 3.42).
Initially during the recrudescent phase, mucosal epithelia more than doubled in cell
height, which was further reflected by a slightly decreased luminal diameter of the ductus
deferens (Figures 3.42-3.43). However, once luminal contents increased during more
reproductively active periods, the ductus became considerably distended, which
subsequently increased the diameter of the lumen (Figure 3.42B-C). The mucosa formed
numerous longitudinal folds or ridges with occasional basal acini that encompassed the
excretory ducts of the Leydig glands. The entire organ was partially embedded within the
anterior surface of the Leydig glands and surrounded by a thick layer of dense irregular
connective tissue. A thin layer of smooth muscle intermingled with collagenous fibers
within the lamina propria and occasionally extended up into the stromal core of mucosal
folds. The lamina propria was noticeably larger during nonreproductive periods when
luminal contents were minimal and development of Leydig gland tubules were reduced
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(Figures 3.42D-3.43H). The mucosal folds became increasingly more prominent during
the transition to the seminal vesicle and these folds formed basal acini throughout the
entire lumen. However, secretions associated with excretory ducts appeared restricted
to folds interposed with the Leydig glands. Regardless, the entire luminal epithelium was
highly secretory and remained partially active with apical blebs and intraluminal vesicular
bodies common even when spermatozoa were depleted during the brief nonreproductive
periods (Figure 3.43). Luminal contents were frequently limited, but were considerably
more dense during the late recrudescent phase (Dec-Jan) and early to peak breeding
period (Jan-Mar) associated with C1 (Figures 3.42A-C, H; 3.43A, C).
3.2.5.7.6

Leydig Glands

The Leydig glands were comprised of a uniformly tall, simple columnar epithelium
with a noticeably light staining cytoplasm and elongated cilia. The epithelial cells were
predominantly secretory with basally located euchromatic nuclei that contained patchy
heterochromatin and were round to ovoid in shape (Figures 3.44-45). Ciliated cells were
reduced in numbers and interspersed among secretory cells with elongated nuclei
situated in the apical portion of the cells. Excretory ducts consisted of a low columnar to
cuboidal epithelium with centrally positioned, round nuclei and lengthier cilia (Figure
3.44). In comparison with the gland tubules, excretory ducts were non-secretory, and
were surrounded by a larger investment of dense irregular connective tissue. Excretory
ducts were more visible during periods of depressed activity, when glandular tubules
were reduced and intervening stromal tissues were noticeably more profuse (Figure
3.43). The epithelium of excretory ducts was taller during peak breeding, but proved
more difficult to view due to the crowded and convoluted structure of the tubules.
Structurally, the Leydig glands consisted of moderately branched excretory ducts with
highly coiled, simple tubular glands (Figure 3.45).

Nonetheless, glandular tubules

occasionally formed terminally branched acini in the peripheral tissues.
Leydig gland tubules in transverse sections were often interspersed among the
epididymal tubules, but typically occurred in the peripheral tissues adjacent to the
intermediate and posterior epididymides (Figures 3.38F-H; 3.40A). The terminal segment
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of the posterior epididymis was completely encompassed by tissues of the Leydig glands
during its transition to the ductus deferens (Figure 3.41). However, the gradually
enlarging ductus deferens was only partially embedded and clearly visible along the
ventral aspect of the Leydig glands. The Leydig glands produced an eosinophilic substance
that was secreted and discharged throughout the length of the ductus deferens and
potentially contributed secretory products to distal portions of the epididymides.
Secretions consisted of small (merocrine) and large (apocrine) eosinophilic granules and
vesicles that congealed into larger aggregated masses (Figures 3.41C; 3.42D; 3.45A). The
formation of linear sperm aggregates occurred at the intermediate to posterior
epididymal junction, which coincided with structural modifications to the epithelium,
increased prevalence of Leydig gland tubules, and a reemergence of acinar glands in the
mucosa and stromal tissues of the posterior epididymis (Figures 3.39; 3.40).
3.2.5.7.7

Seminal Vesicle

The epithelium of the seminal vesicle varied spatially between the transverse
septae and the peripheral portions of the luminal mucosa. The former consisted of a
ciliated columnar epithelium, whereas the latter was predominantly a ciliated cuboidal
epithelium (Figure 3.46). The length of cilia was noticeably reduced and they were often
adhered together, forming pointed clusters (also noted by LaMarca, 1961). The internal
structure of seminal vesicles was variable with reduced sizes and luminal contents
occurring during the initial periods of recrudescence (i.e. Jun and Sep-Nov) (Figure 3.47),
when seminal vesicle diameter (SVDrel) was minimal (Figure 3.6). Furthermore, depending
on the level of sectioning and reproductive condition, the transverse septae presented
either long, thin segments or expansive and complexly branched tissues. During inactive
reproductive periods, the pinnate branches were more developed and the luminal
mucosa consisted of a low columnar epithelium (Figure 3.47B-E; H-L). The size and shape
of the lumina was quite variable in cross section as septae divided the structure into
several regions. When viewed in longitudinal sections, the transverse septae were fused
in an alternating sequence and formed a lattice of spiraling apertures that effectively
compartmentalized sperm storage into numerous layers (Figure 3.48). The complex
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pinnate branches of the “nearly” transverse septae appeared to represent a series of
supporting struts that formed secondary ridges. There was no indication that Leydig
gland tubules directly supplied any secretions to the lumina of seminal vesicles. However,
the entire lining epithelium remained secretory, and basal acini were occasionally
observed between the luminal folds of transverse septae and among the secondary ridges
(Figure 3.46B). A thin muscularis of mostly circular smooth muscle surrounded the organ,
sandwiched between the luminal epithelium and the thick outer layer of dense
connective tissue and its scattered smooth muscle fibers. The thin sheets of smooth
muscle of the muscularis extended into the transverse folds with a mixture of tangentially
and radially arranged fibers (Figure 3.46D). Stored sperm was embedded within an
eosinophilic seminal matrix, and the density and patterns of linear aggregate formation
varied with transitional periods between reproductive cycles (Figure 3.47, and see below).
3.2.5.7.8

Luminal Contents

The luminal contents were comprised of spermatozoa and several formed
elements that consisted of spermatogenic remnants and secretory products of the genital
ducts and accessory glands (Figures 3.31E-F; 3.32B-C; 3.38H; 3.40D; 3.41C; 3.42; 3.46).
From the origin of intratesticular duct formation and through all sequential segments of
the genital ducts, there were considerable differences of spatial and temporal patterns in
the density and arrangement of spermatozoa, and luminal elements (Figures 3.49-3.52).
The effects of the initial degenerative phase during April were apparent by June; followed
by a brief reprieve in reproduction and the more extensive primary degenerative phase
(Sep-Nov). The patterns associated with formation and disassociation of linear sperm
aggregates was best visualized in the seminal vesicle contents throughout the year.
The biannual cycle exhibited two discrete patterns of sperm transiting the ducts
with seasonal formation of linear sperm aggregates occurring at the junction between the
intermediate and posterior epididymis (Figure 3.40). The propagating waves of sperm
density that increased and decreased in a coordinated fashion through the genital ducts,
corresponded with patterns in spermatogenesis, spermiation, and mating activity. The
seminal vesicles were enlarged and densely packed with linear sperm aggregates during
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July-August and January-March, which coincided with peaks in both SVDrel and breeding
periods during each reproductive cycle (Figure 3.53).

Following the degenerative

processes of both cycles, intraluminal spermatozoa were diminished and the
disassociation of linear sperm aggregates progressed sequentially through the genital
ducts. This resulted in diminished to depleted levels of stored sperm in the seminal
vesicles.

The transition between C1 and C2 was brief and individually scattered

spermatozoa remained present at moderate levels during the month of June (Figure
3.47D-E). However, the degenerative phase associated with C2 was more complete with
extensive reductions of spermatozoa in luminal contents from October through
November (Figure 3.53K-P). The luminal contents for two specimens during November
were completely devoid of spermatozoa and only a marginal eosinophilic matrix
remained with limited luminal elements.
Luminal elements consisted of Sertoli cell bodies, nucleated Sertoli cell remnants,
“large” and “small” Sertoli cell cytoplasts, Leydig gland bodies, and various eosinophilic
secretions from the genital ducts. Sertoli cell bodies originated within the supranuclear
cytoplasm of Sertoli cells prior to spermiation (Figure 3.16O-P). These membranous
structures were characteristically small (ca. 5 μm), round, eosinophilic, and often
remained embedded within the matrix of anucleated larger sized cytoplasts or occurred
individually within the lumina of collecting ducts and epididymides (Figures 3.32A-C,
3.39A, 3.49B). However, observations of Sertoli cell bodies beyond the epididymides
were infrequent and may have been confused with similar sized vesicular bodies from
epithelial secretions that were also eosinophilic. Sertoli cell remnants were larger sized
(ca. 20-30 μm), rounded to irregular in shape with large, round nuclei (ca. 10 μm) and
prominent nucleoli (Figures 3.31E-F; 3.32A-C; 3.38H; 3.42E-F; 3.49-3.53). These novel
structures were considered to represent the “nucleated” apical portions of Sertoli cells
that were sloughed off during spermiation, and remained morphologically similar to the
differentiated Sertoli cells of the DZ and TZ. They were the only luminal element
consistently observed throughout all segments of the genital ducts where they were often
abundant. The “large” Sertoli cell cytoplasts were anucleated counterparts of the Sertoli
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cell remnants (Figures 3.32B-C; 3.39; 3.49B; 3.51B; 3.52B, E; 3.53), but may in fact be
Sertoli cell remnants that were not sectioned through the nucleus and thus appeared
anucleated. Whereas, the “small” Sertoli cell cytoplasts consisted of variable sized
fragments of membrane bound Sertoli cell cytoplasm that were considerably smaller than
Sertoli cell nuclei. Cytoplasts were common within the ITD and collecting ducts, but only
“large” cytoplasts were easily distinguished among crowded luminal contents, thus the
fate and extent of “small” cytoplasts within distal segments remains uncertain. The
Leydig gland bodies formed larger sized groups of eosinophilic material that was supplied
to the lumina of ductus deferentia and distally conveyed to the seminal vesicles (Figures
3.41C; 3.42D; 3.45A; 3.52). The smaller components of the luminal matrix were, in
contrast, largely derived from epithelial secretions and were consistently observed from
the initial segment of the epididymides through the seminal vesicles.
3.2.6 Female Reproductive Cycle
The periodicity of the female reproductive cycle was determined from a combination
of the patterns observed in the ovarian cycle, embryonic growth, rates of gestation, and
the periodicity of parturition.

The bimodal characteristics of these reproductive

attributes were isolated to delineate the biannual reproductive cycle and, as with males,
are designated as cycle 1 (C1) and cycle 2 (C2). Total combined cycles (CC) were initially
addressed in each section, and analyses collectively encompassed all females from both
reproductive cycles. The values for gonadosomatic index (GSI), hepatosomatic index
(HSI), and largest follicle diameter (LFD) for individual cycles (C1 and C2) were obtained
solely from reproductively active (RA) females with comparative analyses from CC RA and
non-reproductively active (NR) females.

A total of 208 females were examined

throughout the study but a number of individuals (ranging between: 7-16) were removed
from different datasets to alleviate potential discrepancies in analyses (i.e., immature,
deteriorated ovaries, or missing data). For example, during GSI analyses a total of 193
females were used for total CC, 163 females were RA, and the remaining 30 females were
NR (see Table 3.4 for further details).
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3.2.6.1

Gonadosomatic Index (GSI)

The analysis of female GSI was problematic as both reproductive cycles were
overlapped among individuals, fecundity varied between both cycles, and the
reproductive status of mature females occasionally made distinguishing specific gonadal
details difficult. To compensate for potential errors in interpreting GSI’s, separate
analyses with both RA and NR females were performed for both combined and individual
cycles, with comparisons made to examine differences between months and uterine
stage. Obvious differences occurred in the number and size of vitellogenic follicles among
the females completing C2 (numerous enlarged follicles), postpartum females prior to
ovulation, and post-ovulatory females at the beginning of C1 (varying numbers of both
ovarian and uterine eggs). There were also maternal size-dependent differences in
fecundity between both cycles (i.e., C1 fecundity was significantly larger than C2), which
affected both the pattern of vitellogenesis and the ovarian weight used to calculate the
GSI for each cycle (see Fecundity Relationships, 3.2.6.7).
Monthly GSI values for total combined females ranged from 0.4-2% body weight.
GSI’s were significantly larger from January through April than nearly all other months
(excepting non-significant differences between Jan vs. Aug, Dec) (Tables 3.4A, 3.5A, 3.6).
The maximum mean GSI occurred during February (0.99% ± 0.089 SEM) and March (1.00%
± 0.063 SEM) (Figure 3.54A). These maximum values corresponded with the period of
peak ovulation during C1, which preceded a precipitous decline to minimum values during
May (𝑥̅ = 0.56% ± 0.042 SEM) and June (𝑥̅ = 0.54% ± 0.021 SEM). A second smaller peak
occurred during August (𝑥̅ = 0.66% ± 0.057 SEM); however these GSI values associated
with the ovulatory period of C2 were not significantly larger from any of the remaining
months (P > 0.05).
The analysis of RA females for CC GSI also indicated a dominant ovulatory surge during
January through April (peak Feb/Mar). GSI remained elevated throughout the ovulatory
period (Jan-Apr) associated with C1 with a maximum value during March (𝑥̅ = 0.97% ±
0.060 SEM) (Table 3.5B). Likewise, there was a significant drop in GSI for the remainder
of the cycle (May-Jul), however minimal GSI occurred during July (𝑥̅ = 0.51% ± 0.051 SEM)
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(Figure 3.54B; Tables 3.4A, 3.7). Similar patterns were recorded for GSI’s analyzed
individually for C1 and C2 (Figure 3.54D-E). GSI during January through April was
significantly larger than most remaining months during C1, and the transition from C1 to
C2 was again marked by a subtle peak during August (C1: 𝑥̅ = 0.61% ± 0.113 SEM; C2: 𝑥̅ =
0.62% ± 0.055 SEM) that was not significantly larger from any other months (Figure 3.54D;
Tables 3.5D-E, 3.8A). Subsequently, GSI values remained consistently lower during C2
with minimum mean GSI during October (𝑥̅ = 0.54% ± 0.036 SEM), followed again by a
steady and significant increase to maximum GSI by February (𝑥̅ = 0.92% ± 0.117 SEM)
during the C2 to C1 transition (Figure 3.54D, E; Table 3.7B).
The separate analysis of NR females (U3, 6) further illustrated two peaks in GSI values,
occurring first from January to April and again from July to October (Figure 3.54C). The
GSI for NR females in pre-ovulatory condition (Jan-Apr and Jul-Nov) were consistently
larger than concurrent observations of GSI for RA females (CC, C1 and C2). Although
monthly comparisons of these limited data were non-significant (Table 3.4A), elevated
GSI’s were undoubtedly associated with pre-ovulatory females possessing mature follicles
(maximum LFD) in preparation for both ovulatory cycles (see LFD and ovarian cycle
below). Additionally, GSI values were much larger for NR females entering into C1 than
C2. This is consistent with the greater number of vitellogenic follicles and increased
fecundity observed during C1 (see fecundity relationships below).
The annual patterns in GSI were further defined by uterine stages for CC and RA
females with significantly larger values recorded during the pre-ovulatory stage and initial
periods of embryonic development (Figure 3.55A; Tables 3.9A, 3.10A, 3.11A-B). These
differences primarily resulted from the substantially increased GSI values during C1 that
remained elevated throughout early stages (U4: 𝑥̅ = 0.98% ± 0.050 SEM; U5a: 𝑥̅ = 0.88%
± 0.034 SEM) and eventually declined to minimum values during late stage development
(U5c: 𝑥̅ = 0.50% ± 0.025 SEM) (Figure 3.55B; Tables 3.10A, 3.11C). Whereas lower
maximum GSI values were recorded during C2 for both pre-ovulatory (U3: 𝑥̅ = 0.83% ±
0.064 SEM) and post-ovulatory females (U4: 𝑥̅ = 0.72% ± 0.054 SEM) at the beginning of
the cycle, and again for term stage females (U5e: 𝑥̅ = 0.72% ± 0.052 SEM) at the end of
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the cycle. Minimal GSI values occurred earlier by middle stage development (U5b: 𝑥̅ =
0.56% ± 0.044 SEM), however, the marginal variation in GSI recorded throughout C2 was
non-significant (Figure 3.55C; Table 3.11D). Most females likely required a short interval
after parturition to complete vitellogenesis in preparation for C1, although several termstage females (U5e) had already produced mature follicles.
3.2.6.2

Hepatosomatic Index (HSI)

Seasonal patterns of mean monthly HSI were similarly variable for CC and RA mature
females (Figure 3.56A-B). Likely this is due, at least in part, to the patterns of breeding
condition differing throughout the year among individuals within the population.
However, HSI did display a general and significant increase from minimum values during
February (𝑥̅ = 3.18% ± 0.216 SEM) to maximum values during June (𝑥̅ = 4.70% ± 0.310
SEM) and October (𝑥̅ = 4.53% ± 0.276 SEM) (Tables 3.4B, 3.12-3.14). This period of
increasing HSI corresponds with similar patterns in bottom water temperature and
daylight duration (Figure 3.7), and suggests additional energetic reserves were acquired
and available for reproductive investment. Monthly values for both RA females during C1
and for NR females throughout the year were non-significant (P > 0.05) (Figure 3.56C-D;
Table 3.4B, 3.15A). Whereas, the significant decrease in HSI that occurred between
October and February during C2, coincided with the period of greatest vitellogenic growth
that preceded the increased levels of fecundity during C1 (Figure 3.56E; Tables 3.4B,
3.15B). This further supports the hypothesis that the drop in HSI during C2 (Nov-Feb) is
largely due to pregnant females simultaneously supporting developing embryos and a
dramatic increase in the numbers and growth of vitellogenic follicles (see below).
The U-stage comparison of HSI hovered near 4% for CC, but was marginally significant
(P < 0.05) with the pre-ovulatory stage (U3: 𝑥̅ = 3.39% ± 0.181 SEM) values lower than the
near-term stage (U5d: 𝑥̅ = 4.43% ± 0.267 SEM) (Figure 3.57A; Tables 3.9B, 3.10B, 3.16A).
However, the removal of NR females during the analysis of RA CC females was nonsignificant (P > 0.05) (Tables 3.9B, 3.16B). U-stage analysis for C1 was non-significant with
a moderate increase in HSI that peaked during late stage (U5d: 𝑥̅ = 4.99% ± 0.564 SEM),
whereas, C2 peaked earlier during middle stage (U5b: 𝑥̅ = 4.53% ± 0.276 SEM) and was
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significantly larger (P < 0.05) than the minimal values recorded during the pre-ovulatory
stages (U3: 𝑥̅ = 3.20% ± 0.269 SEM) (Figure 3.57B-C; Tables 3.9B, 3.10B, 3.16C-D). Thus,
decreasing water temperatures and increasing levels of vitellogenesis apparently
corresponded with significantly lower HSI values during the transition between C2 and C1
(Figure 3.6, see below)
3.2.6.3

Periodicity of the Ovarian Cycle and Patterns of Vitellogenesis

The ovarian cycle was characterized by two distinct patterns of follicle development
with the mean monthly LFD for both total CC and RA females (Figure 3.58A-B). The
monthly LFD for total CC was significantly different with bimodal peaks that corresponded
with ovulatory patterns during C1 (Jan-Apr) and C2 (Jul-Sep) (Table 3.4C). The peak LFD
associated with C1 occurred during January through April and was significantly larger than
nearly all other months (May-Dec) with a maximum LFD recorded during February (𝑥̅ =
11.48 mm ± 0.459 SEM) (Tables 3.17A, 3.18). A second smaller peak in LFD occurred
during August (𝑥̅ = 8.49 mm ± 0.756 SEM) that was significantly larger than the preceding
minimal monthly LFD during June (𝑥̅ = 5.90 mm ± 0.214 SEM) (Tables 3.17A, 3.18). Similar
results were noted for RA females with maximum and minimum values occurring during
February (𝑥̅ = 10.58 mm ± 0.421 SEM) and June (𝑥̅ = 5.76 mm ± 0.165 SEM) for C1, and
August (𝑥̅ = 7.43 mm ± 0.728 SEM) and October (𝑥̅ = 5.82 mm ± 0.304 SEM) for C2 (Tables
3.4C, 3.17B, 3.19). However, the C2 peak during October was not significantly larger than
either of the surrounding periods of minimal LFD.
The analyses of mean monthly LFD for separate reproductive cycles supported the
results for CC with only minor differences associated with the varying levels of fecundity
between C1 and C2 (Figure 3.58D-E; Tables 3.4C, 3.17C-D). C1 exhibited bimodal peaks
during January (𝑥̅ = 10.88 ± 0.481 SEM) and September (𝑥̅ = 9.49 ± 1.285 SEM) with
minimal LFD values from May to July that were significantly lower than the months
associated with the beginning of the cycle (Jan-Apr) (Tables 3.17C, 3.20A). Thus, in
addition to enlarged growing follicles during the end of C1, the initial larger clutch size of
ovarian eggs during the beginning of the cycle extended the period when larger follicles
occurred (Figure 3.58D). During the beginning of C2, ovulation was completed rapidly
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and mean LFD remained consistently lower from August to November (Figure 3.58E; Table
3.17D). Significantly enlarged follicles were primarily recorded later in the cycle from
January to February with maximum LFD during February (𝑥̅ = 11.38 ± 0.641 SEM), however
December (𝑥̅ = 7.97 ± 0.308 SEM) values had significantly increased to a larger LFD than
the minimum values recorded during September and October (Tables 3.17D, 3.20B). Thus
reduced fecundity led to a faster depletion of larger sized follicles and essentially limited
their occurrence to the end of the cycle, prior to the C1 transition (Figure 3.58E). Although
comparisons of mean monthly LFD for NR females were non-significant due to small
sample sizes, follicle sizes were consistently larger than concurrent observations of RA
females and clearly illustrated the bimodal peaks in LFD (Figure 3.58C; Tables 3.4C, 3.17E).
Once again, the LFD and GSI patterns for uterine stages were reasonably similar, as
vitellogenic follicles were largely responsible for the increase in gonadal weight (Figures
3.55, 3.59). The maximum LFD among total CC occurred for NR (U3: 𝑥̅ = 11.46 mm ±
0.514) females with U3 significantly larger than all other stages (excluding U4) (Tables
3.9C, 3.10C, 3.21A). Significant differences were also recorded for uterine stages among
CC RA females and during the analyses of separate reproductive cycles (Tables 3.9C,
3.21B-D). The LFD remained elevated during the post-ovulatory stages for CC RA (U4: 𝑥̅
= 9.90 mm ± 0.394 SEM) and C1 (U4: 𝑥̅ = 10.33 mm ± 0.326 SEM), but was noticeably
reduced during C2 (U4: 𝑥̅ = 7.24 mm ± 1.166 SEM) (Figure 3.59A-C; Tables 3.9C, 3.10C).
Following the prolonged elevation in LFD during C1 a gradual decline to minimal values
occurred during late stage development (U5c: 𝑥̅ = 5.86 mm ± 0.273 SEM). Conversely,
during the initial stages of C2 (U4: 𝑥̅ = 7.24 mm ± 0.166 SEM; U5a: 𝑥̅ = 6.56 mm ± 0.441
SEM), LFD was only marginally larger than the minimal LFD recorded during middle stage
development (U5b: 𝑥̅ = 5.30 mm ± 0.148 SEM) (Table 3.10C). Thus, ovulatory sized
follicles of RA females persist for prolonged durations during C1, while sequential
ovulation remains an ongoing process. Whereas, ovulation is completed more rapidly
during C2 with mid-sized follicles undergoing atresia earlier in the cycle. Accordingly,
vitellogenesis for the subsequent cycle initiates earlier during C2 and is apparently a
slightly lengthier process. A more extensive period of follicular growth is likely required
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to sustain the higher fecundity associated with C1. The size of LFD was again elevated
during the latter stages of development for both individual and combined cycles, with
significantly larger LFDs occurring during term stage than the middle to late stages of
development (Figure 3.59A-C; Tables 3.10C, 3.21A-D).
3.2.6.4

Daily Pattern of Follicle Development and Period of Ovulation

The pattern of vitellogenic growth, as represented by daily scatterplots of LFD, also
exhibited two discrete peaks in development. These peaks ranged from January through
April (C1) with a second less defined peak (C2) occurring from July through October
(Figure 3.60). The pattern of daily follicular growth was also assessed by examining the
data based on breeding condition (i.e., uterine stage), which further emphasized the
bimodal characteristics of the ovarian cycle (Figure 3.60A-D). The periodicity of ovulation
was defined as the duration of eggs observed in utero and there were obvious contrasts
in uterine fecundity between cycles as previously reported (Fahy et al., 2007) (see
fecundity relationships below).

Post-ovulatory eggs that lacked grossly discernible

embryos were recorded from January through April and again from August through
October (Figure 3.60). Thus, two protracted periods of ovulation were recorded with
peak ovulation occurring during late February to early March for C1 and, during the month
of August for C2.
The combination of peaks in mean monthly embryonic growth and LFD suggests that
ovulation and parturition occur within close proximity. Two overlapping periods of
embryonic development were observed with the duration of C1 occurring from January
through September and C2 from August through February (Figures 3.61-62). The pattern
of vitellogenesis is typically considered concurrent with gestation when regression
analyses support a linear relationship between LFD and embryo size, thus demonstrating
synchronized growth (Walker, 2005). However the extended period of enlarged follicles
observed primarily during C1 apparently obscured this pattern in U. jamaicensis during
the early stages of development. The protracted nature of the ovulatory cycle was further
illustrated by daily scatterplots of LFD vs. embryo size (Figure 3.63). Both the CC and C1
scatterplots displayed a sigmoidal relationship, whereas C2 exhibited a clearer synchrony
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between the ovarian and uterine cycles. Once larger follicles from the previous ovulatory
cycle were no longer present (presumably following atresia and reabsorption), smaller
vitellogenic follicles in the growth phase were again discernible. This transitional pattern
of development became apparent once pregnant females were in mid-stage
development (U5b, embryos were ca. 85 mm TL during C1 and ca. 50 mm TL during C2)
and vitellogenic follicles ranged between 4-6 mm in diameter. In addition to this dynamic
pattern in folliculogenesis there were multiple batches of simultaneously growing
follicles, which further made determination of the ovarian cycle more difficult. Although
the total period of follicle development remains uncertain, vitellogenesis likely requires
one year or less to complete maturation and to successfully maintain a biannual
reproductive cycle. Regardless, follicles were enlarged or ovulatory-sized by embryo term
stage development or shortly after parturition, thus vitellogenesis was essentially
concurrent with gestation.
3.2.6.5

Gestation, Embryo Development and Period of Parturition

The combined observations of ovulation, gestation, and parturition provided ample
evidence of a biannual cycle with the protracted nature of ovulatory cycles, the pattern
and length of embryonic development, and the consistent overlap between both
reproductive cycles.

Daily scatterplots of embryonic growth clearly displayed two

discrete periods of development characterized by measurements of both embryo size (TL)
(Figure 3.64) and weight (Figure 3.65). The temporal pattern of C2 was made clearer by
replotting advanced stage embryos collected during earlier months to extend the figure.
Embryo size was used as the main proxy to estimate length of gestation, as weight was
slower to change and more variable during the latter stages of development. Peak
ovulation occurred near day 50 (range: 25-75) and 225 (range: 200-250) for C1 and C2,
respectively. The period of parturition was estimated from observations of term stage
embryos with peak occurrence about day 200 (range: 175-225) and day 0 (range: 345-25)
for C1 and C2, respectively. Together these estimates represent probable lengths of
gestation of 150 (range: 125-225) and 140 (range: 105-190) days in duration. In addition
to recorded data on post-ovulatory females, field observations of neonates during
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January and February, and again during July and August further supported the timing of
parturition with an estimated 5 month gestation rate.
Pregnant females were collected during all months throughout the year, but exhibited
two discrete and sequential periods of embryonic development (Figures 3.62, 3.64-3.66).
Peaks in ovulation and parturition occurred at six month intervals, and the estimated
range of both gestation periods was 4.5-5.5 months in length. Each ovulatory cycle
involved a 2-month period of overlap, whereby uterine ova and early stage embryos
occurred simultaneously with near-term and term stage embryos from the previous cycle.
The onset and termination of both cycles corresponded with these transitional months
when U3 and U6 females with enlarged follicles were more prevalent (Figure 3.60A).
January and February represented the first transitional period (C2 into C1) with
observations of recently post-partum and pre-ovulatory females (U3, 6), as well as,
pregnant females from C2 with either near-term to term stage embryos (U5d, e), or
females from C1 with uterine ova and early stage embryos (U4, 5a). Peak ovulation
occurred during late February and early March, thus observations of pregnant females
increased in frequency with levels of embryonic development gradually progressing to
early and middle stages (U5a, b) by the month of April. During May, all females were
actively gestating and embryos ranged between early and late (U5a-5c) stages of
development. Field observations of neonates during June was considered to be the onset
of parturition; however, most pregnant specimens collected during this month contained
embryos that were late stage (U5c) in development. This situation continued throughout
July observations with further advancement into late and term stages (U5c-e) with an
increased occurrence of post-partum females (U6). The onset of the second transitional
period (C2) was indicated during August, with continued observations of post-partum
(U6) females and the condition of pregnant females ranging from post-ovulatory and early
stage embryos (U4, 5a) to near-term and term stage (U5d, 5e) development. During
September, pregnant females were mostly in early and middle stages (U5a, b) of
gestation, however post-ovulatory females (U4) were recorded through early October.
During October all levels of embryo development (U4, 5a-e) were displayed, resembling
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observations during the month of May. November and December had an increased
occurrence of post-partum females (U6), while pregnant females ranged between middle
to term (U5b-5e) stages of gestation.
3.2.6.6

Sex Ratio and Size at Birth

The sex ratio at birth was calculated from 412 embryos, of these 130 were males
(31.6%), 113 females (27.4%) and 169 embryos (41.0%) were of undetermined sex and
removed from further analysis. Male embryos occurred slightly more frequent, however
the ratio of males to females (130: 113, 1.2: 1) for CC did not differ significantly from 1: 1
(χ2 = 1.054, d.f. = 1, P > 0.05). Likewise, analyses of sex ratios for each individual cycle was
non-significant (C1, 89: 74, 1.2: 1) (χ2 = 1.203, d.f. = 1, P > 0.05); (C2, 41: 39, 1.1: 1) (χ2 =
0.013, d.f. = 1, P > 0.05) (Table 3.22). The sex ratio of mature specimens was not
addressed during the current study, due to selective sampling of female specimens.
The average size of term stage embryos during the CC (𝑥̅ = 77.6 mm DW ± 0.80 SEM,
range: 62.0 - 95.0 mm, n = 76), C1 (𝑥̅ = 76.4 mm DW ± 0.93 SEM, range: 62.0 - 85.0 mm, n
= 42), and C2 (𝑥̅ = 79.2 mm DW ± 1.35 SEM, range: 68.1 - 95.0 mm, n = 34) indicates that
offspring are born at relatively large sizes, with a prenatal growth of 33-37% of the
maximum size for males (216 mm DW) and females (232 mm DW) recorded during this
study. Although a marginal increase in offspring size occurred during C2, there was no
significant difference between cycles with either raw data or measurements relative to
maternal size (2-sample permutation test: Z(0.05) = -1.353, P = 0.178). The smallest free
swimming neonate recorded from a previous study (Fahy, 2004) was observed April 10,
2001 and measured 129 mm TL (ca. 65-70 mm DW), whereas the largest in utero, term
stage embryo collected in this study measured 175 mm TL, 95 mm DW, and 53.02 g TW
(January 30, 2004, Female #72-04). These values established a range in size at birth that
are in agreement with the average values reported for both combined and separate
reproductive cycles. In comparison with size values, the proportional relationship of
offspring weight to the maximum weight of adult rays (Males: 612 g and Females: 961 g)
was greatly reduced (ca. 3-5%). Although mean weight of term-stage offspring during the
CC (𝑥̅ = 27.97 g ± 0.901 SEM, range: 15.28 - 53.30 g, n = 76); C1 (𝑥̅ = 27.20 g ± 0.980 SEM,
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range: 15.28 - 37.68 g, n = 42); and C2 (𝑥̅ = 29.05 g ± 1.609 SEM, range: 17.38 - 53.30 g, n
= 34) were similar, offspring weight during C2 was significantly larger than offspring
during C1 (2-sample permutation test: Z(0.05) = -2.0606, P < 0.05). The size and weight of
offspring at birth apparently have complex maternal size and brood size-dependent
tradeoffs that vary with alternating fecundity patterns expressed during each
reproductive cycle.
3.2.6.7

Fecundity Relationships

The reproductive output of a species has important implications for demographic
analyses as recruitment potential is vital for the continued success of a population. The
biannual cycle exhibited by U. jamaicensis demonstrates a need to modify standard
protocols, as differences observed between both cycles have identified contrasting
attributes that could conceivably simulate separate breeding populations. The influence
of maternal size (DW or TWadj) on uterine fecundity (UF) with additional examinations of
seasonal variation in UF, life history trade-offs in offspring size vs. number, and left vs.
right uterine function, was conducted with linear regression and permutation analyses to
address these attributes.
3.2.6.7.1

Seasonal Fecundity

The total number of pregnant females (n = 142) with uterine ova or embryos (N =
341) used during permutation analyses exhibited low levels of fecundity (RA CC: 𝑥̅ = 2.40
± 0.114 SEM, range: 1-7), with significantly larger brood sizes observed for C1 (𝑥̅ = 3.30 ±
0.144 SEM, range: 1-7, n = 73, N = 241), than during C2 (𝑥̅ = 1.45 ± 0.076 SEM, range: 1-3,
n = 69, N = 100) (exact two-sample permutation test, Z = 8.15, P < 0. 005) (Table 3.23).
Seasonal analyses of UF among designated size classes, provided further support that
significantly larger brood sizes occurred during C1 (Figure 3.67B; Table 3.23). Smaller
sized females (class 4) had reduced levels of UF, regardless of season with no significant
difference between reproductive cycles. Whereas, larger size classes exhibited increased
UF with significantly larger broods during C1 than C2 indicated for size classes 5 and 6
(Figure 3.67B; Table 3.23). The difference in brood sizes between reproductive cycles for
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size class 7 was marginally non-significant, however, sample sizes were small and UF
during C1 (range: 4-7) was considerably larger than the two pregnant females sampled
for this size class during C2, each with a single large offspring (Figure 3.67B; Table 3.23).
Approximate K-sample permutation tests were performed to determine if differences
existed in UF between size classes for each individual cycle. Visually, C1 exhibited a
noticeable increase in mean UF for sequentially larger size classes, whereas UF during C2
was characteristically low with no distinct differences among size classes (Figure 3.67B).
Results were highly significant for C1 (T = 4.004, P < 0.005) with paired comparisons for
all sequential size classes statistically different from each other, whereas no significant
differences in UF between size classes were noted for C2 (T = 2.334, P = 0.10) (Table 3.23).
The same analyses between size classes for CC (class 4: 𝑥̅ = 1.31 ± 0.175 SEM, range: 1-3,
n = 13, N = 17; class 5: 𝑥̅ = 2.19 ± 0.123 SEM, range: 1-4, n = 69, N = 151; class 6: 𝑥̅ = 2.74
± 0.191 SEM, range: 1-6, n = 54, N = 148; and class 7: 𝑥̅ = 4.17 ± 1.078 SEM, n = 6, N = 25)
were also significant (T = 3.317, P = 0.004) but noticeably reduced in association with
lower UF during C2.
3.2.6.7.2

Maternal Size and Brood Size Relationships

The linear relationships between UF and maternal size or weight were similar
regardless of which measure was used with only minor increases in regression fitness for
TWadj in comparison with maternal DW (Table 3.24). The data excluded U4 and U5a
females (n = 21) that may have potentially ovulated additional ova, as well as, several
uncommon occurrences (n = 6) of females with unfertilized ova. There was a significant
increase (P < 0.005) in UF with increasing maternal size (or weight) for CC (n = 142,
females, N = 341, offspring), with stronger linear relationships recognized for the more
highly fecund C1 (n = 73 females, N = 241, offspring) than during C2 (n = 69 females and
N = 100) (Figures 3.67B-3.69). The regressions for combined and separate reproductive
cycles had, positive relationships with only a poor to moderate fit of regression lines
typical of species with reduced fecundity (Cortés, 2000). The poor linear relationship
exhibited for the CC, was apparently a result of the depressed levels of UF during C2;
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whereas increased fecundity during C1 more clearly indicated that larger females were
capable of producing larger broods (Table 3.24).
3.2.6.7.3

Life History Attributes

A total of 37 term stage maternal females were used in an attempt to characterize
trade-offs in life history attributes associated with offspring size (or weight) vs. number
(UF) and for any potential underlying maternal effects. Additional regression analyses
were conducted to compare the seasonal differences already observed in UF between C1
(n = 13) and C2 (n = 24). These tests were performed with mean relative size and weight
of offspring per brood to compensate for proportional effects associated with variability
in maternal size and weight. The comparison between maternal size (or weight) and
embryo size (or weight), were highly significant with low to moderate negative
relationships observed. Likewise, the same highly significant but low to moderate
negative relationships were expressed between embryo size (or weight) and UF during
linear regression analyses (Figures 3.70-3.73; Table 3.24).

Thus, UF or brood size

decreased as relative embryo size (or weight) increased; and reciprocally the relative
embryo size (or weight) decreased as maternal size (or weight) increased. As a result,
larger females either produced more offspring of a decreased size (relative to maternal
size) during C1 or produced fewer offspring of higher quality (i.e., larger size or weight)
during C2. These size and fecundity driven processes likely resulted from conflict for
limited resources during concurrent vitellogenesis, with subsequent trade-offs in
offspring size vs. number that marginally alternated between reproductive cycles.
3.2.6.7.4

Left vs. Right Uterine Fecundity

Fecundity levels between left and right uteri exhibited functional lateralization for
both total and seasonal reproductive cycles. Although both uteri are functional, the left
uterus was clearly used more frequently and contained higher contents (uterine ova or
developing embryos) than the right uterus, regardless of season (Figure 3.67A, C-D). The
total and seasonal fecundity ratios for left vs. right uteri (L: R) were 2.6: 1 (CC), 1.7: 1 (C1)
and 13.3: 1 (C2). These ratios represent 71.8% vs. 28.2% (CC), 63.1% vs. 36.9% (C1), and
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93.0% vs. 7.0% (C2) of the proportional values for left vs. right uterine contents,
respectively. The left uterus was unilaterally dominant among all size classes for both
combined and separate reproductive cycles (Figure 3.67; Table 3.25). Furthermore,
nearly all comparisons between reproductive cycles and size classes exhibited
significantly higher levels of fecundity for the left uterus. In general, lower UF was
associated with the smallest reproductively active females (size class 4) (see 3.2.6.7.3)
and in nearly all cases, only the left uterus was in use or fully developed. During C1, both
total fecundity and right uterine function continuously increased with larger sized females
(size classes 5-7), whereas only limited use of the right uterus and marginal differences in
UF between size classes occurred during C2. Only seven out of a total 142 pregnant
females, carried more offspring in their right uterus than left, with a single female during
C2 having only the right uterus active. Results from one-sample, paired permutation tests
were highly significant for most comparisons (Table 3.25). Nonetheless, difficulties
associated with insufficient sampling of size classes 4 and 7 will require additional
investigations. Regardless of the data deficiency to effectively compare size class 7, the
ratio of offspring always remained consistently greater in the left uterus for all categories.
3.3 Discussion
3.3.1 Specimen Composition
Urobatis jamaicensis is a year round resident in the coastal waters of southeast
Florida, and is the most commonly encountered elasmobranch along the regions
extensive reef systems and throughout the greater Caribbean (Fahy et al., 2007; WardPaige et al., 2011). There is little evidence of sexual segregation among the local
population, although sex biased ratios of pregnant females occur nearshore where they
form small aggregations prior to the summer parturition period (Fahy, 2004; Spieler et al.,
2013).

Females appear to utilize the expansive hardbottom habitat as a general

parturition site or “pupping grounds” with little support of calling the region an
established nursery as defined by Heupel et al. (2007). During the current study, sampling
was done throughout the entire Broward County, Florida reef system at varying depths,
with consistent patterns in reproductive parameters observed for data collected over
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several years. The population of U. jamaicensis in southeast Florida was reproductively
active throughout the year with bimodal patterns indicated for numerous parameters
that clearly defined a biannual reproductive cycle.
3.3.2 Morphometric Relationships
Females achieved larger maximum sizes (231 mm DW; 961 g TWadj) than males (216
mm DW; 612 g); however, sampling was intentionally directed towards female specimens
and may have underestimated male size. Regardless, the size – weight relationships were
similar for both sexes (following the removal of maternal weight) which may be
suggestive of equivalent growth rates. The maximum size for U. jamaicensis during this
study was considerably smaller than previously reported in the literature (360 mm DW)
(McEachran & de Carvahlo, 2002), however this discrepancy appears to be the result of
an old and erroneous field estimate (reviewed in Spieler et al., 2013). Latitudinal variation
in life history traits, particularly increased growth with increasing latitude (i.e.,
Bergmann’s Rule) has been reported for several chondrichthyans with large spatial
distributions (Parsons, 1993; Lombardi-Carlson et al., 2003; Barnett et al., 2009). Given
the current study was conducted near the northern extent of the species’ range it is quite
plausible the sizes reported for U. jamaicensis in southeast Florida represent maximum
sizes for the species. Although comparisons with southern populations of U. jamaicensis
are necessary, it is noteworthy that both Atlantic Urotrygon species from northern South
America are reportedly smaller-sized (Acevedo et al., 2015; Santander-Neto et al., 2016).
3.3.3 Male and Female Size-at-Maturity and Female Size-at-Maternity
Maturity for male U. jamaicensis was previously estimated at sizes between 137-145
mm DW from observations of sperm presence within the seminal vesicles (LaMarca,
1961). The smallest gravid female observed during the same study measured 153 mm
DW, thus maturity for both sexes was considered to occur at similar sizes. Additional
estimates of male maturity have been based upon clasper condition with reports of ca.
150-160 mm DW (Bigelow & Schroeder, 1953) and ca. 130 mm DW (Yañez-Arancibia &
Amezcua-Linares, 1979), whereas the smallest pregnant female observed during the
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latter study was estimated ca. 140 mm DW (listed 253 mm TL). However, the accuracy of
this maternal size measurement remains uncertain (i.e., unreported tail cropping would
reduce the TL used for estimating DW) and the listed fecundity of two offspring is further
suggestive of a larger sized animal.

Nevertheless, it is certainly possible that

geographically dispersed populations could exhibit a latitudinal gradient in maturity with
U. jamaicensis from lower latitudes both smaller in size and maturing earlier, as evidenced
for other species (Lombardi-Carlson et al., 2003; Neer & Thompson, 2005; Cope, 2006;
Licandeo & Cerna, 2007; Barnett et al., 2009; Frisk & Miller, 2009).
The estimated median size-at-maturity during the current study (male: DW50% = 159.6
mm DW and female: DW50% 156.6 mm DW) was similar for both sexes; however the
smallest pregnant female (158 mm DW) and the largest mature “virgin” female (175 mm
DW) suggests maturity occurs over a considerable range in size among females. The same
situation may exist for male rays. The largest immature male (157 mm DW) was also
noticeably larger than some previous estimates of size at maturity (LaMarca, 1961, YañezArancibia & Amezcua-Linares, 1979). This range in size at maturity may reflect variations
in size at birth between the biannual reproductive cycles. The supplemental data of
LaMarca (1961) that was included in maturity analyses moderately reduced male maturity
ogives (DW50% = 142.2 mm DW), whereas female size-at-maternity was reasonably larger
(DW50% = 163.7 mm DW). Proportionally these ogive values indicated that maturity was
attained by 73.9% (65.8%, with supplemental data) for males and 67.5% for females,
relative to the maximum sizes recorded for both sexes. Likewise, maternity was achieved
by 70.6% of maximum female size, thus all values are ca. 70% and remain fairly consistent
but slightly smaller than other viviparous elasmobranchs (ca. 75%, Cortés, 2000). The
proportional size at sexual maturity among myliobatiforms has varied between 45-85%
of maximum sizes with the upper limit values often associated with longer-lived and
larger-sized species (Frisk et al., 2001; Hale & Lowe, 2008; Dale & Holland, 2012; Yigin &
Ismen, 2012; Mejía-Falla et al., 2014). These larger species not only mature later, but
tend to have lower fecundities and produce relatively large-sized offspring (PérezJiménez, 2011). However, size at birth often remains proportionally similar with those of
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smaller-sized species that mature earlier (range of ca. 30-50%: White et al., 2005; Bizzarro
et al., 2007a; Smith et al., 2007a; Ebert & Cowley, 2009; Jacobsen et al., 2009; Pierce et
al., 2009; Trinnie et al., 2009, 2012; Mejía-Falla et al., 2012; Ramírez-Mosqueda et al.,
2012; Tagliafico et al., 2012; Yokota et al., 2012; Santander‐Neto, 2015). Regardless, the
combined results from supplemental data for males and the use of maternity ogives to
confirm female maturity, clearly suggests males have reasonably smaller sizes at maturity
than females, which is indicative of an earlier age if growth rates are indeed equivalent.
Neonates were only observed for a short time (1-2 months) following both peak
periods of parturition (Jan/Feb, Jul/Aug), and smaller size classes in general were rarely
encountered. This situation might be suggestive of an unknown shift in habitat, or
neonates and young of year could merely be overlooked due to either smaller sizes,
cryptic morphology, or behavioral attributes associated with habitat characteristics (i.e.,
refuge under rocky ledges). Furthermore, preliminary estimates of rapid growth rates
suggest U. jamaicensis may transition into larger size classes within a relatively short
period of time. Sulikowski (1996) estimated that ca. 33% of total growth occurs during
the first year with both sexes attaining sexual maturity during their second year of life.
Future research to identify the location of smaller rays during earlier ontogenetic stages
will need to cover a more extensive area, including non-sampled habitats, than examined
in this study.
Unfortunately, the limited observations of smaller size classes prevented an accurate
estimate of maturity ogives during the current study. Based on the data from this study,
and contrary to reports for most viviparous species, female U. jamaicensis likely mature
at smaller sizes (and presumably earlier ages) than male rays (Cortés, 2000; Frisk, 2010).
However, the inclusion of supplemental data (LaMarca, 1961) revised the median size at
maturity and indicated that males likely mature at slightly smaller sizes than females.
Regardless if the original or modified dataset was used, female size at maternity was
consistently larger than all calculated maturity ogives. Therefore, the use of maternity
ogives for U. jamaicensis may represent a more appropriate measure of a female’s ability
to reproduce, whereas subjective maturity indices can result in an underestimation of size
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or age at “functional” maturity. However, the suggested use of maternity ogives is
typically to compensate for species with either complex (i.e., biennial periodicity or
longer) or asynchronous reproductive cycles where only a portion of the female
population is pregnant and actively contributing to annual recruitment. Under these
circumstances, any failure to remove “non-maternal” females during demographic
analyses can bias fecundity parameters and lead to an overestimation in annual
recruitment (Walker, 2005; Braccini et al., 2006). Since, U. jamaicensis displays a
repetitive, biannual reproductive cycle with little to no reprieve between cycles;
maternity ogives will inevitably include all mature females with the exception of preovulatory females preparing for first reproduction. Nonetheless, additional observations
of smaller size classes would more accurately characterize maturity ogives for U.
jamaicensis in South Florida and further improve comparisons with existing maternity
ogives.
In addition to the high variability in size at maturity of chondrichthyans, the
parameters used in maturity indices are often arbitrarily selected and have been
inconsistently defined and measured throughout the literature (Conrath, 2005; Walker,
2005). The estimated size at maturity for a species or population can vary dramatically,
based on the specific criterion adopted to define and evaluate maturity (Walker, 2005;
Braccini et al., 2006). Thus, an appropriate working definition of “maturity” is essential
for scientists and resource managers to identify grossly discernible traits for use in
developing rapid visual maturity indices (Conrath, 2005). Following the definition of
Conrath (2005), chondrichthyans are considered mature if they have “previously mated
or possess fully developed gametes and all of the secondary structures necessary for
successful mating and fertilization”. Establishing a set of repeatable criteria with specific
and appropriate measurements, and consistent terminology would ideally standardize
the staging of maturity for chondrichthyan species and allow for better comparisons
among taxa (Serra-Pereira et al., 2011). However, since chondrichthyans display highly
diverse reproductive strategies, modified criteria on a species-dependent basis may be
required (Osaer et al., 2015). In addition to emphasizing distinctive morphological criteria
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between oviparous and viviparous modes of reproduction; maturity indices should also
be able to accommodate variations in the seasonal patterns and reproductive periodicity
for individual species or between isolated populations of conspecifics. Furthermore,
species that have complex reproductive cycles with lengthy resting periods or that display
nondescript, aseasonal cycles may need additional subcategories of reproductive
condition to establish maturity criteria.
Maturity indices have primarily been based on clasper condition and the presence of
vitellogenic follicles for males and females, respectively (Conrath, 2005; Sulikowski et al.,
2006; Awruch et al., 2008a). Recently, a concerted effort has been made to form more
comprehensive maturity indices that evaluate multiple criteria of reproductive tract
morphology (i.e., reproductive condition) with occasional histological validation of these
observations (Conrath & Musick, 2002; Stehmann, 2002; Conrath, 2005; Walker, 2005,
2007; Braccini et al., 2006; Barone et al., 2007; Huveneers et al., 2007; Trinnie et al., 2009,
2012; Henderson & Arkhipkin, 2010; Moura et al., 2011; Serra-Pereira et al., 2011; MejíaFalla et al., 2012; Osaer et al., 2015). Several recent studies have also applied hormonal
assays and sonography as alternative methods for reducing destructive sampling. These
non-invasive techniques are certainly appropriate for the conservation of threatened and
protected species when the collection of specimens is not a viable option. However, most
situations still initially require validation of the morphological parameters for an accurate
determination of mature condition or reproductive status (Sulikowski et al., 2004, 2005b,
2006, 2007; Awruch et al., 2008a, b; Barnett et al., 2009; Kneebone et al., 2009;
Whittamore et al., 2010; Jirik & Lowe, 2012).
There have also been differences in the use of multiple criteria indices as to whether
the goal was to compare the performance of individual parameters or for the use of
combined multiple criteria to avoid ambiguity in staging maturity for both sexes. Most
indices associated with studies of myliobatiform rays, typically involve multiple criteria
that have been derived and modified from Martin & Cailliet (1988) and Snelson et al.
(1988); although some studies have used simplified versions that rely solely on clasper
calcification for males and either ovarian or uterine characteristics for females. The short
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and stout claspers of male U. jamaicensis continuously grow at an even rate throughout
sexual maturation (LaMarca, 1961, 1964; Spieler et al., 2013), thus a distinctive inflection
point does not readily characterize size at maturity for this species. Furthermore, the
analysis of CL vs. DW with supplemental clasper data from LaMarca (1961) only had
marginal improvements with a linear relationship (y = 0.366x - 21.649, r2 = 0.78, ANOVA:
F1, 104 = 364.52, RMSE = 3.540, P < 0.005, n = 106) (Figure 3.4B). Since female rays are
highly matrotrophic, the presence of endometrial trophonemata has routinely been used
to represent sexual maturity. However, little information is available for a reliable
comparison between the functional structures of developing trophonemata with those of
post-partum females during a resting phase (Amesbury, 1997) (see Chapter 4). Likewise,
the sole use of Babel’s (1967) criteria for spermatocyst staging would have designated all
three immature male U. jamaicensis from the current study as mature, regardless of the
condition and absence of sperm throughout most of the remaining genital tract.
Accordingly, the use of multiple criteria indices has constructively emphasized overall
reproductive condition with associated maturity ratings and this comprehensive
approach appears more suitable for handling individual variation in development.
Since U. jamaicensis has similar DW to TW relationships between sexes, initial growth
rates are likely comparable with the only readily apparent variation being the larger sizes
and weights achieved by females. A similar situation has been referred to as “partial
dimorphism” for U. rogersi, whereby both sexes reportedly have equivalent growth rates
and sizes at maturation, but females attain larger maximum sizes (Mejía-Falla et al.,
2012). Additional studies on myliobatiform rays (Babel, 1967; Bizzarro et al., 2007a; Hale
& Lowe, 2008; Jacobsen & Bennett, 2011) and other chondrichthyans (Ebert, 2005;
Baremore, 2010; Ainsley et al., 2011; Gutteridge et al., 2013) have also reported similar
observations. Acevedo et al. (2015) have reported females achieve sexual maturity
earlier (smaller size) than males for U. venezuelae in Caribbean waters of Colombia.
Female-biased sexual size dimorphism (SSD) is a commonly observed trait among
chondrichthyans, whereby females typically achieve larger sizes than males (Cortés, 2000;
Frisk et al., 2001, 2005; Serra-Pereira et al., 2011c). Furthermore, there is a growing
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number of studies on smaller bodied skates (Rajidae) where both sexes exhibit similar
sizes in maturity, growth rates, maximum size and longevity, and therefore lack any
evidence of sexual size dimorphism (Ebert, 2005; Ainsley et al., 2011). However, highly
skewed sex ratios in favor of males and disproportionate observations of immature
females have likely contributed to considerable size biases in growth estimates for some
of the aforementioned studies. Likewise, the potential for a “compensatory response”
due to fishing activities with selective removal of larger size classes is also a plausible
explanation for exploited populations where females have been reported to mature at
smaller sizes (Frisk et al., 2005; Barnett et al., 2009).
Two of the most widely recognized hypotheses for sex biased allometry are sexual
selection that favors larger males (i.e., mating competition), and natural selective
processes with a corresponding fecundity advantage that favors larger females (Dale et
al., 2007; Pincheira-Donoso & Tregenza, 2011).

Presumably, larger maternal size

maximizes reproductive output and optimizes fitness, by effectively decreasing size
constraints on fecundity. Thus, an enlarged abdominal cavity is perceived to result in
additional space that can accommodate either more offspring or larger sized offspring,
and also further enhances the capacity for energy storage (i.e., liver size). The fecundity
advantage associated with SSDs is more apparent for viviparous species, particularly with
matrotrophic modes of reproduction as energy demands are greater for embryonic
development and nourishment (Cortés, 2000; Trinnie et al., 2009, Frisk, 2010). In
contrast, it has been suggested that skates evolved oviparity in response to reproductive
pressures and this adaptation has led to increased fecundity to compensate for smaller
body size (Musick & Ellis, 2005). Most oviparous species are significantly more fecund
than similar sized viviparous species (Barnett et al., 2009). Viviparous species in contrast
generally tend to be larger sized and less fecund, but can also produce larger-sized
offspring as a result of these traits (Goodwin et al., 2002).
The smaller bodied stingarees (Urolophidae) have faster growth rates (k = 0.1430.650) than other larger myliobatiform rays (k = 0.055-0.229), with growth coefficients
typically higher among males than females (White et al., 2001, 2002; White & Potter,
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2005; Smith et al., 2007a; Hale & Lowe, 2008; Pierce & Bennett, 2009; Jacobsen &
Bennett, 2011; Mejía-Falla et al., 2014). Preliminary estimates for U. jamaicensis are in
close agreement with urolophids with age and growth analyses indicating a slightly
increased longevity among females (8 years, females vs. 7 years, males) and rapid growth
rates that are nearly identical for both sexes (k = 0.469 males, 0.473 females) (Sulikowski,
1996). However, since the sample size was quite small (n = 20), improved size-at-age
relationships remain necessary to determine if the patterns in growth rates are indeed
equivalent between sexes. Conceivably, both male and female rays mature at similar
sizes, but if males actually demonstrate faster growth rates they would presumably
mature at an earlier age than females. Several urotrygonids have been described with
both sexes maturing at similar sizes, however these studies have also had considerable
variability in the criteria used to determine maturity and the scale of reference reported
(i.e., size at 1st maturity vs. calculated median size at maturity) (LaMarca, 1961; Babel,
1967; Sulikowski, 1996; Hale & Lowe, 2010; Mejía-Falla et al., 2012). Furthermore, since
size at birth varies proportionally between cycles (see section 3.3.7.4, fecundity
relationships); identifying growth rates and age for U. jamaicensis born at different times
of the year (i.e., ca. 6-month intervals during the biannual cycle) may entail additional
confounding factors.
An interesting question is how, both sexes having equivalent growth rates and
maturing at similar sizes, do female rays achieve greater longevity with continued growth
to larger maximum sizes? The fundamental tradeoffs between reproductive variables
(i.e., size at maturity and other life history variables such as growth and survivorship)
would seemingly be contradicted by the considerable reproductive investment required
by females during extensive matrotrophy (see Chapter 4) (Stearns, 1992; Roff, 2002).
Theoretically, viviparous females should have larger energetic demands associated with
gestation and simultaneous vitellogenesis during consecutive reproductive cycles, than
males experience with spermatogenesis.

Thus, at a minimum, growth rate and

maturation should remain comparable for both sexes or males should demonstrate a
considerable advantage in energy budget dynamics and achieve larger sizes than females.
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Regardless, additional factors contributing to a reduced maximum size of males needs to
be considered, such as the potential for male-biased mortality rates among larger size
classes. Furthermore, the use of supplemental male data (LaMarca, 1961) has shown that
sampling discrepancies of smaller size classes has led to inaccurate estimates of male sizeat-maturity. This overestimation of male size-at-maturity appears to have mistakenly
resulted in estimates of female maturation at similar sizes or even smaller sizes than
males.
The considerably larger GSI for males (C1: 5% & C2: 3%) than females (<1 % for both
cycles) with two protracted periods of spermatogenesis and lengthy mating activities,
suggests males demonstrate a greater energetic investment during gametogenesis.
Additionally, the potential for intraovarian recycling of vitellogenin (VTG) from atretic
follicles could further reduce the need for additional resource allocation. However,
determining if females are capable of reallocating yolk proteins during vitellogenesis will
require tracer studies to identify the potential transfer of vitellogenin between granulosa
cells from adjacent follicles (Barrett et al., 2008). Regardless, the extensive production
and continuous supply of histotroph to nourish developing embryos still remains the most
relevant process left unaccountable.

Thus, the most likely explanation for larger

maximum size and greater longevity is simply females mature later than males or they
participate in mating later in life than males. Female rays that are behaviorally immature
could appear morphologically or physiologically mature (i.e., reproductive anatomy
developed and mature vitellogenic ova present), but remain sexually segregated or
actively avoid mating until they attain larger sizes. These factors provide further support
for the use of maternity ogives, to replace subjective maturity criteria with an additional
emphasis on determining the periodicity of reproductive cycles.
3.3.4 Periodicity and Synchrony of Male and Female Reproductive Cycles
All supporting evidence from bimodal peaks in reproductive variables for both male
and female U. jamaicensis, were consistent with two distinct reproductive cycles that
exhibited appropriate durations of both gestation and resting periods to accommodate a
biannual cycle. Additional support was provided by mutual synchrony in reproductive
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condition between sexes, and from significant differences between both female
reproductive cycles in terms of fecundity, size of offspring, and lateralization of uterine
function. The only measured parameter that did not adhere to a bimodal pattern was HSI
for either sex. Males exhibited a clear annual cycle in HSI that closely followed patterns
in bottom water temperature, whereas, female HSI fluctuated throughout the calendar
year with peak values also corresponding with increased water temperature. These
patterns likely coincided with elevated productivity and available resources, as
preliminary data suggested increased rates of growth during the summer and autumn
months (Sulikowski, 1996). In contrast, Hoffmayer et al. (2006) reported that HSI and
water temperature were negatively correlated for male Atlantic sharpnose sharks, R.
terraenovae. The timing of peak HSI during October, suggests an ample storage of hepatic
energy reserves to provide favorable breeding conditions for both male and female rays.
The subsequent decline in HSI and corresponding increase in GSI to maximum values,
particularly for males (Figure 3.5), also supports the preparation for increased
reproductive activity and elevated fecundity during C1. Conversely, reduced GSI values
were observed for both sexes leading into the less fecund C2 as resource allocation was
presumably shifted towards growth, but still sufficient to accommodate a second
reproductive cycle. Furthermore, the lack of a defined seasonal pattern during the
monthly analysis of female HSI is likely related to the continued use of energy reserves
that are required for simultaneous egg production and embryo nourishment during the
repetitive biannual cycle. Although female HSI was maintained at lower levels due to
constant demands, consistently lower HSI values were exhibited by NR females between
reproductive cycles in comparison with RA females during either cycle. The lower HSI of
NR females can be attributed to postpartum and pre-ovulatory condition and increased
energetic demands during accelerated periods of vitellogenesis.
3.3.5 Male Reproductive Cycle
The biannual pattern of GSI and spermatogenesis recorded for male U. jamaicensis
(see below) is unique as chondrichthyans typically either exhibit seasonally annual peaks
in gonadal development or lack seasonal variation altogether. Among the few male
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myliobatiform rays that have been analyzed, species have either displayed a protracted
but distinct annual cycle (Babel, 1967; Maruska et al., 1996; Trinnie et al., 2009; Mull et
al., 2008) or were considered reproductively active year round (Chatchavalvanich et al.,
2005a; Mejía-Falla et al., 2012; Trinnie et al., 2012; Yokota et al., 2012). Only D. guttata
in northern Brazil was reported, from limited data to display two peaks in male GSI (April
& October) that corresponded with female vitellogenic patterns (Palmeira, 2012). Male
U. jamaicensis clearly displayed a bimodal pattern in GSI with values associated with the
higher fecund C1 noticeably larger than those associated with C2 (Figure 3.5A). These
elevated values for GSI (ca. 5%, for C1 and 3%, for C2) marked a considerable reproductive
effort was associated with both reproductive cycles. Species with a more distinct
breeding periodicity and patterns of spermatogenesis tend to demonstrate seasonally
higher GSI. These patterns likely reflect a high level of sperm competition associated with
polygynandrous mating systems, when both sexes are highly promiscuous and mate
multiple times during defined periods (Parker & Kornfield, 1996; Baker et al., 2004; Fitze
et al., 2005; Vahed & Parker, 2012). This is opposed to species that exhibit year round
activity, which typically lack a pronounced spermatogenic effort, and display reduced GSI
(ca. 1% body weight) that remains at consistent levels throughout the year. Similar
relatively flat patterns in GSI have been observed for oviparous species (e.g., rajids) that
are reproductive activity year round (Braccini & Chiaramonte, 2002; Sulikowski et al.,
2005a, 2007; Colonello et al., 2007).
The GSI for male U. jamaicensis preceded peaks in female LFD and ovulation by ca. 12 months, demonstrating a considerable synchrony during both reproductive cycles. In
contrast, the protracted annual cycles for U. halleri (Babel, 1967; Mull et al., 2008) and D.
sabina (Maruska et al., 1996), displayed poorly timed patterns between these same
parameters, with ovulation following six and eight months after peaks in male GSI (Figure
3.74; Table 3.26). The divergence in these patterns was nearly enough to temporally
uncouple fertilization processes (i.e., mating patterns and the timing between
insemination and ovulation) in these two species. However, the protracted periods of
spermatogenesis and lengthy durations of sperm in male genital ducts marginally
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maintained reproductive synchrony between male and female cycles. By the time
females ovulated, the testes of males for both species were in quiescent phases with
decreasing concentrations of spermatozoa within the seminal vesicles. During summer
months (July/August), both species recommenced proliferation and testicular
development and exhibited peak GSI during October. This onset of recrudescence varied
slightly as it occurred immediately after ovulation for U. halleri, but was delayed by
several months for D. sabina. Interestingly, females for both species displayed signs of
multiannual periodicity that have not been previously considered. Although males for
both species possessed distinct annual cycles, it seems plausible that the extensive period
of spermatogenesis, and quite likely the protracted mating season of D. sabina, may
signify the remnants of a previous biannual cycle.

The offset patterns of sperm

production are asynchronous with female vitellogenesis, but appear capable of
accommodating a second ovulatory cycle, which may have historically occurred during
the initial periods of spermiation that surrounded peak GSI for both species (Nov/Dec - U.
halleri and Sep/Oct - D. sabina). A change from a bimodal polyestrous reproductive cycle
to an annual cycle has been suggested for female tomb bats, Taphozous hildegardeae
since males have a relict secondary peak in sexual gland development to maintain year
round harems (McWilliam, 1988), and multiannual cycles are common among tropical
chiropterid bats (Bergmans, 1979; Krishna, 1985; Tschapka, 2005; Barros et al., 2013;
Durant et al., 2013). Evidence that supports dual ovulatory cycles for both species of
stingrays, in addition to the two peaks in parturition previously suggested for U. halleri
(Babel, 1967) have been reinterpreted based upon the results of this study (see 3.3.8, for
further discussion on the significance of these findings and the “formation of biannual
cycles”).
The bimodal peaks in seminal vesicle relative diameter (SVDrel) for U. jamaicensis
corresponded with both peaks in female GSI and LFD, thus an appropriate synchrony
between male and female biannual cycles was further observed. During both peak
periods, sperm was densely packed throughout the lumina of all seminal vesicles and
tightly arranged in linear aggregates; suggesting increased levels of sperm storage (see
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3.3.5.6.8 below for discussion of luminal contents). Likewise, the measured seminal
vesicle diameter for D. sabina had a seasonal pattern that corresponded with the
protracted mating season and displayed peak values just prior to the brief ovulatory
period (Maruska et al., 1996). Similar measurements have been conducted for urolophid
rays in southeast Australia to evaluate seminal vesicle fullness (SVF). A distinct annual
cycle was observed for Trygonoptera imitata with a brief mating period followed by a
lengthy period when seminal vesicles were completely empty of contents (Jul-Dec)
(Trinnie et al., 2009). Whereas, the patterns for Urolophus bucculentus were somewhat
ambiguous; SVF indices ranged from 60-100% full throughout the year with peak levels
reported from Apr-Jul, coinciding with the observed parturition period (Trinnie et al.,
2012). However, SVF was equally developed from Dec-Jan, which corresponded with the
protracted period of ovulation (Oct-Jan). The occurrence of two dispersed peaks in SVF
for male U. bucculentus, suggests a bimodal pattern with a potential for two breeding
season peaks or that a considerably protracted breeding period may occur.
3.3.6 Anatomy of Male Reproductive System
Although variations in testicular zonation, accessory organs and tissue architecture of
the genital ducts have been reported among the relatively few species studied, in
comparison with female chondrichthyans, male reproductive anatomy is structurally
more conserved (Lewis, 1982; Hamlett, 1999; Spieler et al., 2013). The majority of reports
are generally restricted to descriptions of the testes, with limited observations of genital
duct morphology that is further confounded by the use of inconsistent terminology (Botte
et al., 1963; Stanley, 1963; Teshima, 1981; Jones & Jones, 1982; Jones et al., 1984; Jones
& Lin, 1992, 1993; Spieler et al., 2013; McClusky, 2015). These studies have mostly
consisted of small sample sizes that failed to provide adequate monthly or seasonal
comparisons throughout the entire reproductive cycle. The current study adopted the
most widely used terminology, as described by Hamlett (1999) and Jones et al. (2005)
with additional modifications (subdivisions) to clarify regionalization patterns. In order of
progression, the ducts include: intratesticular ducts, collecting ducts, longitudinal

84

collecting duct (rete testis), ductus efferens, epididymis (anterior, intermediate, and
posterior), ductus deferens, and seminal vesicle.
3.3.6.1

Gross Anatomy of Testes

Typical for myliobatiforms, the left testis of U. jamaicensis was significantly larger than
the right and conformed to the greater curvature of the stomach (LaMarca, 1961),
presumably to compensate for space restrictions within the abdominal cavity (Maruska
et al., 1996; Chatchavalvanich et al., 2005a; Zaiden et al., 2011; Spieler et al., 2013).
LaMarca (1961) also noted that the left testis developed earlier than the right in maturing
(or sub-adult) specimens, but considered both equally developed in mature males.
Regardless, both testes were fully functional and during peak development, they
occupied a considerable amount of the limited available space within the coelom.
Jacobsen et al. (2009) reported an unusual observation for Gymnura australis, whereby
only the left testis was functionally developed, and consequently spermatozoa were only
observed in the left genital tract. A single male U. jamaicensis displayed a similar aberrant
morphology, however in this case the left testis was atrophied and the right testis was
greatly enlarged (twice the size of standard testis); this was apparently a developmental
anomaly to compensate for the unilateral condition.
3.3.6.2

Microanatomy of Testes

Batoids (skates and rays) in general have a compound testis type which, as described
earlier, consists of a combination of the diametric and radial type testes (Pratt, 1988).
Serra-Pereira et al. (2011a) stated that compound testes are also common among
oviparous sharks, yet information is exceedingly scarce, and most evidence suggests a
standard diametric condition in these animals (Jones & Jones, 1982) or a convoluted form
that resembles discrete lobules (Kassab et al., 2009). Similar lobulated testes with
meandering folds that resemble discrete lobules have also been described for some
yolksac viviparous species (Girard & Du Buit, 1999; Osaer et al., 2015). The testes of
holocephalans lack epigonal tissue, but have a similar structure to rays with a germinal
papillae extending anteriorly from a single, large testicular lobe, opposed to numerous
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lobules embedded within the epigonal tissue of myliobatiform rays (Stanley, 1963;
Márquez-Farías & Lara-Mendoza, 2014). The structure of the compound type testis of
Urobatis was originally described in the 1960’s (LaMarca, 1961; Babel, 1967) and,
although some erroneously refer to it as a radial type testis, it has been repeatedly noted
for rays in other studies (Lewis, 1982; Pratt, 1988; Maruska et al., 1996; López García,
2009; Zaiden et al., 2011; del Mar Pedreros-Sierra & Ramírez-Pinilla, 2015; Poulakis &
Grier, 2014; Moya et al., 2015). Acero et al. (2008) briefly described the structure of
several batoids (Urotrygon venezuelae, Narcine bancrofti, Rhinobatos percellens and
Dasyatis guttata) and noted a modified radial testis for U. venezuelae, implying the
variation may represent a derived state for urotrygonids. Likewise, Chatchavalvanich et
al. (2005a) reported that testes for the freshwater species Himantura signifer in Thailand
differed from the typical compound type as they were divided into exterior and interior
lobes. Unfortunately, both of these studies failed to provide adequate descriptions of the
reported variations in testicular structure and available micrographs (see Fig. 1,
Chatchavalvanich et al., 2005a and Fig. 12B, Acero et al., 2008) rather appear consistent
with the compound testis type as spermatocysts radiated both peripherally from the
germinal zone of each lobule and ventrally across the diameter of the gonad. Pratt (1988)
mentioned that additional morphological types were “likely upon further comparative
study”, but since his survey a definitive effort to address testicular anatomy amongst
elasmobranchs has not been performed.
The developmental patterns of testicular lobules between myliobatiforms with annual
and biannual reproductive cycles illustrates an interesting variation in the basic
compound testis structure. Recall that each lobule is a discrete unit of the testes with
individual germinal zones and a series of collecting ducts in the terminal zone. The
testicular lobules of species with defined annual cycles (e.g., U. halleri and D. sabina) are
divided into two distinct functional compartments. The primary lobule remains a
permanent source of pre-meiotic spermatocysts, whereas the secondary lobule
represents a temporary structure where advanced meiotic and post-meiotic stage
development occurs (Babel, 1967; Mull et al., 2008). The total collapse of the secondary
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lobule leads to a quiescent phase with testes containing only primary lobules that may
remain dormant for several months. Conversely, the biannual cycle of U. jamaicensis
lacked a definitive quiescent phase, thus portions of individual lobules remained
continuously active throughout the year, but still displayed bimodal patterns of regression
and recrudescence. Zaiden et al. (2011) described the secondary lobule of Potamotrygon
cf. histrix as both delineating the germinal zone and representing the zones of
spermatocysts in advanced stages of spermatogenesis. However sampling was limited to
10 specimens from two consecutive months, thus the condition of distinct lobules
separated by septae of collagenous fibers remains uncertain. Species such as H. signifer
that reportedly exhibit year round reproduction, likely possess testes that remain
consistently developed and lack compartmentalization (Chatchavalvanich et al., 2005a).
3.3.6.3

Testicular Zonation

The polyspermatocystic testes common among chondrichthyans are organized into
concentric zones that correspond with successive stages of maturing spermatocysts
(Callard, 1991; Grier, 1993).

This organization provides a useful study model for

examining the progressive germ cell-Sertoli cell interactions and intratesticular regulatory
processes (Cobellis et al., 2003; Engel & Callard, 2005). The general succession of
spermatogenesis for U. jamaicensis here was consistent with previous studies and
representative of highly conserved processes throughout the vertebrates (Maruska et al.,
1996; Cobellis et al., 2003). The seven stages of spermatogenesis identified during the
current study, can be further grouped into pre-meiotic (SI-SII), meiotic (SIII) and postmeiotic (SIV-SVII) phases, however most stages also possessed specific early and late
stage traits that provided additional details for establishing patterns of development.
Interestingly, the testicular condition of the three males designated immature would
have been considered mature by Babel’s (1967) criteria (i.e., all stages of spermatogenesis
present) even though both the claspers and genital ducts were not fully developed and
sperm was absent from the seminal vesicles (and most of the genital tracts). It seems
reasonable that the gonads would mature earlier, since Sertoli cells are the primary
steroidogenic tissue of the chondrichthyan testis and endocrine processes involved in
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genital tract development are believed to require elevated levels of androgens
(Gelsleichter et al., 2002).
3.3.6.4

Stages of Spermatogenesis

The progression of spermatogenic development and patterns of differentiation and
maturation of germ cells were comparable with chondrichthyans in general and, more
specifically, with other myliobatiform rays. Developing spermatocysts also exhibited
stage specific localization and structural modifications of Sertoli cell nuclei that were
consistent with previous observations. However, some minor variations were recognized
among the description of stages between these latter studies, which can be partially
attributed to different sampling regimes, varying reproductive strategies (i.e., continuous
vs. episodic production), and the level of detail provided for each stage among studies
(Stanley, 1966; Simpson & Wardle, 1967; Pratt, 1979; Lessa, 1982; Parsons & Grier, 1992;
Rossouw & Van Essen, 1993; Rossouw, 1995, 2014; Maruska et al., 1996; Hamlett, 1999;
Girard et al., 2000; Conrath & Musick, 2002; Chatchavalvanich et al., 2005a; Barone et al.,
2007; Mull et al., 2008; Çek et al., 2009; Colonello, 2009; Yamaguchi & Kume, 2009;
McClusky, 2011; Serra-Pereira et al., 2011a; Zaiden et al., 2011; Park et al., 2013; Rojas,
2013; del Mar Pedreros-Sierra & Ramírez-Pinilla, 2015; Poulakis & Grier, 2014; Moya et
al., 2015; Osaer et al., 2015; Rêgo et al., 2015, 2016). Most notably, Zaiden et al. (2011)
reported that primary spermatocytes occasionally underwent “distinct phases of the first
meiotic division” and considered them visibly partitioned into spermatoblasts. However,
noticeable arrangement of cellular elements into spermatoblasts typically occurs during
luminal re-establishment of post-meiotic spermatocysts during spermatid (SIV) stages.
Furthermore, the figure provided by Zaiden et al. (2011) resembled the degenerative SIIb
spermatocyst observed for U. jamaicensis that was characterized by MNC formation
during an ongoing meiotic block (Figures 3.16U, 3.20).

A previous description of

spermatocyst development for U. jamaicensis (Hamlett, 1999), followed the earlier
staging criteria for S. tiburo (Parsons & Grier, 1992) and has been revised. Specifically,
the stage listed as secondary spermatocytes (SIIIb), and described as “identified by their
extremely small nuclei” (Parsons & Grier, 1992) “that contain completely
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heterochromatic chromatin” (see Fig. 16.2D, Hamlett, 1999), actually represents the
initial stage of round spermatids (SIV) as shown here (Figure 3.16J). Moya et al. (2015)
also described round spermatids as secondary spermatocytes, however the latter stage
only lasts for short durations, and records are generally limited to periods of increased
proliferation when active meiotic figures are more prevalent (Engel & Callard, 2005).
Maruska et al. (1996) combined primary and secondary spermatocytes into a single stage
for D. sabina, and similar protocols were followed during the current study with additional
identification of degenerative cysts and secondary differentiation of Sertoli cells (see
below).
3.3.6.5

Seasonal Patterns of Spermatogenesis

The main differences identified between both patterns of spermatogenesis of U.
jamaicensis largely involved the influence of the biannual cycle on processes of
spermatogonial proliferation and degeneration, and their overall effects on the extent
and periodicity of spermatocyst development.

Both reproductive cycles were

characterized by individual periods of proliferative and degenerative processes with
overlapping transitional periods. Similar to patterns of increased fecundity by females,
the total number of spermatocysts of males were noticeably more abundant during the
longer C1 proliferative phase (Oct-Jan).

The apparent synchronized pattern of

spermatogonial proliferation suggests that similar regulatory conditions exist for males,
as those associated with increased fecundity of females during C1. Nonetheless, all stages
were present throughout the year with proportional stages demonstrating two distinct
spermatogenic waves that corresponded with the bimodal peaks of GSI.
Regardless that reproductive cycles are generally defined by female patterns, males
either have lengthy annual cycles of spermatogenesis with seasonal patterns of
development or produce sperm continuously throughout the entire year (Parsons & Grier,
1992). The annually reproducing rays, D. sabina and U. halleri both display protracted
periods of spermatogenesis with temporally defined periods of proliferation and
sequential maturation of spermatocysts (Maruska et al., 1996; Mull et al., 2008).
Following the collapse of the secondary lobule these species exhibit a period of
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quiescence (ca. 2-4 month) when only SI & SII spermatocysts are present in the primary
lobule.

Comprehensive data on annual patterns of spermatogenesis for other

elasmobranchs is patchy, but variations on the common theme have been reported. Male
Mustelus canis exhibit a single lengthy annual pattern (Conrath & Musick, 2002), whereas
Squalus acanthias has a two-year cycle, but still breeds annually by producing two
staggered spermatogenic cohorts that complete development during consecutive years
(Simpson & Wardle, 1967; McClusky, 2005). Thus, spermatogenesis of S. acanthias is
technically a continuous process but both cycles are partitioned by a distinct band of
degenerate spermatocysts that forms at the SII-SIII transition.
The proliferative phase of U. jamaicensis was initially characterized by increasing
numbers of SIIa spermatocysts as a result of continued mitotic proliferation of early stage
spermatogonia. The combined periods of proliferation were nearly continuous, but
experienced brief interruptions (March and July) that occurred during the transitional
periods between each cycle.

However, it remains uncertain as to whether these

interruptions represented a complete cessation in basal proliferation or merely
diminished

levels

of

output.

These

processes

will require the use

of

immunohistochemical markers to examine germ cell apoptosis (i.e., TUNEL, terminal
deoxynucleotidyl-transferase-mediated dUTP nick-end labelling, and vital staining with
fluorescent dyes), germ cell proliferation and pre-meiotic cellular activity (i.e., PCNA,
proliferating cell nuclear antigen) to resolve (McClusky, 2005, 2006, 2008, 2012). The level
of germ cell and Sertoli cell renewal patterns in the GP were not addressed here but were
likely increased prior to each period of basal proliferation. Nonetheless, SII spermatocysts
were consistently the most prevalent stage in total numbers throughout the year for U.
jamaicensis, however this stage often consisted of newly formed SIIa spermatocysts that
were considerably smaller than other stages. Discernible patterns of proliferation can
often be overlooked as more advanced stages are noticeably larger in size and can occupy
a greater areal proportion of the lobule. Thus, studies that quantify spermatocysts as
linear proportions, opposed to direct counts may produce conflicting results as the
proportions are affected by both total size of the lobules and varying dimensions of
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developing spermatocysts (Maruska et al., 1996; McClusky, 2005). Elevated proportions
of larger SIIb spermatocysts were observed during increased levels of proliferation, which
displayed bimodal peaks during June and December. The levels of meiotic (SIII) and postmeiotic spermatocysts (SIV-SVII) were elevated during both periods of peak GSI (January
and July), and the latter continued to increase in total numbers and proportions as lobules
regressed. Conversely, both D. sabina and U. halleri with annual cycles (Maruska et al.,
1996; Mull et al., 2008) alternated between periods of extensive proliferation, when
primary lobules were enlarged, and periods of regression, that were dominated by
secondary lobules with advanced staged spermatocysts.
Interestingly, both proliferative phases of U. jamaicensis spermatogenesis also had
varying levels of degenerative processes ongoing that appeared to regulate both the
patterns of basal proliferation and the progression of spermatocysts during the SII-SIII
transition. Basal proliferation was initially observed during both periods of minimal GSI
(April and September), which coincided with increases in the prevalence of degenerative
spermatocysts with MNC formation. These simultaneous proliferative and degenerative
processes corresponded with extensive spermiation events, which resulted in the
formation of vast accumulations of spermiated masses and large aggregations of
differentiated SVII spermatocysts. Since degenerative conditions were recognized in the
collecting ducts during the same period, it seems reasonable that the spermiated masses
were the result of discontinuity between the various branches of the ITD system and
spermiating cysts. Whereas, the formation of the differentiated spermatocysts (TZ and
DZ) into “glandular” masses was noteworthy as they potentially represent transient
steroidogenic tissues that may regulate both processes and warrants further attention.
The similar timing of germinal zone proliferation with degenerative conditions
(apoptotic removal of spermatogonia) has been reported for S. acanthias (McClusky,
2005); likewise the formation of post-spermiation DZ may be a common feature in
synchronizing the transition between consecutive cycles for some annual species
(Conrath & Musick, 2002). The DZ has been described as existing in two distinct forms;
the first type is generated by spermatogonial apoptosis, which produces degenerate cysts
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at the SII-SIII transition and constitutes a true degenerative zone. Whereas the second
type involves the post-spermiation degeneration of evacuated spermatocysts, and may
or may not display secondary differentiation of Sertoli cells remaining within the
collapsed spermatocysts. The former was termed DZ cords during this study as it was
observed in a form that consisted of isolated columns, unlike the defined band reported
for D. sabina (Lewis, 1982; Maruska et al., 1996). The degenerative phase of U. halleri
demonstrated apoptosis of mature SVI spermatocysts completing spermatogenesis, prior
to spermiation (Babel, 1967; Mull et al., 2008). The second degenerative condition of U.
jamaicensis occurred extensively throughout the lobule periphery and interlobular
septae, but was re-defined as the TZ since these degenerate cysts were derived postspermiation from evacuated spermatocysts. The degenerative removal of spermiated
spermatocysts in U. jamaicensis involved an intense infiltration by eosinophilic
granulocytes and lymphocytes. Similarly, breakdown of spermiated cysts of blue sharks
(P. glauca) was accomplished by agranular leucocytes, whereas, Sertoli cells phagocytized
germ cells among immature specimens (McClusky, 2011; McClusky & Sulikowski, 2014).
McClusky (2005) also noted the simultaneous occurrence of both SIIb degenerative cysts
and hypertrophied Sertoli cells from evacuated spermatocysts of S. acanthias. Previously,
there was no indication of comparable glandular tissue indicated for the same species,
however the occurrence of undifferentiated interstitial cells was reported and termed
Leydig-like cells (Pudney & Callard, 1984; Callard et al., 1989a; Callard, 1991).
The presence of interstitial cells (Leydig cells, Leydig-like cells) has been reported for
several chondrichthyans; however a definitive conclusion on their occurrence and
functionality has not been achieved (Chieffi et al., 1961; Pudney & Callard, 1984; Prisco
et al., 2002; Chatchavalvanich & Visutthipat, 1994; Engel & Callard, 2005;
Chatchavalvanich et al., 2005a; Kassab et al., 2009; del Mar Pedreros-Sierra & RamírezPinilla, 2015; Moya et al., 2015). Interstitial cells were described between spermatocysts
(=“ampullae”) of SIII-SIV zones in Himantura (=Dasyatis) bleekeri that were nonhypertrophied and resembled adjacent Sertoli cells (Chatchavalvanich & Visutthipat,
1994). Chatchavalvanich et al. (2005a) reported that Leydig cells from H. signifer testes
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were rare within “interstitial” spaces of SII-SIII tissues, but occurred with increasing
frequency in post-meiotic zones (SIV-SVI). Del Mar Pedreros-Sierra & Ramírez-Pinilla
(2015) reported that Leydig cells of P. magdalenae testes were more readily observed in
spermatogonial and spermatocyte zones, however the specified cell (indicated in Figure
4c) with a round, and granular nucleus resembled a plasma cell with patchy
heterochromatin, and appeared to be situated within a blood vessel. The previous study
only briefly mentioned Leydig cells, without any supporting figures or additional details,
and most likely represented leucocytes or clusters of duct cells from the ITD system
(Chatchavalvanich et al., 2005a).

Nonetheless, male H. signifer are considered

reproductively active year round and lack reports of a DZ, thus it seems reasonable that
degenerate spermatocysts might occasionally be observed during latter stages of
spermatogenesis in this species. Such a situation would resemble the reports of “Leydig
cells” within zones of SIII and SIV spermatocysts for Torpedo marmorata; a species with
continuous reproduction, which also reportedly lacks a post-spermiation DZ (Prisco et al.,
2003). However, the occurrence of degenerative cysts in T. marmorata only supported
the selective removal of specific spermatoblasts, thus the collapse of the entire
spermatocyst was not verified. Regardless, the lack of a true tubular interstitium and the
continual replacement of germinal and somatic elements throughout chondrichthyan
testes would support multipotential functions for the Sertoli cell lineage during
spermatogenesis (Stanley, 1963; Callard, 1991; Grier, 1993).
The temporal patterns of degenerative spermatocyst formation with secondary
differentiation of Sertoli cells would explain the inconsistent identification of Leydig or
Leydig-like cells from separate studies on the same species (Hamlett, 1999; Engel &
Callard, 2005). The lack of Leydig cell observations could easily then be attributable to
timing of the reproductive cycle when specimens were sampled and the general
infrequency of occurrence for some species. Furthermore, the size of Sertoli cells from
collapsed cysts is commonly small for most species (Chieffi et al., 1961); although
hypertrophied cells have been reported for other species (McClusky, 2005, 2011) and
appear greatly enlarged for some batoids (Torpedo marmorata, D. sabina and U.
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jamaicensis) (Chieffi et al., 1961; Lewis, 1982, current study). Stephan (1902) originally
compared the post-spermiation formation of “glandular” tissue from evacuated
spermatocysts to the corpora lutea of female ovaries. In female chondrichthyans, these
temporary organs are formed from the collapse and differentiation of granulosa cells, the
homologous cellular elements associated with both atretic and post-ovulatory follicles
(Hisaw & Hisaw, 1959; Chieffi, 1963; TeWinkel, 1972; Chieffi Baccari et al., 1992). The
potential for secondary differentiation of Sertoli cells from either evacuated or
degenerative spermatocysts of male U. jamaicensis variably identified, represents two
remarkably similar processes. This possibility for secondary differentiation of Sertoli cells
to represent presumptive Leydig cells within the intercystic (pseudo-interstitial) space of
chondrichthyan testes, is an interesting situation and warrants further investigation,
coupled with steroidogenic analyses.
3.3.6.6

Genital Ducts

3.3.6.6.1

Intratesticular Duct System

LaMarca (1961) initially described the terminal branches of the ITD system of U.
jamaicensis as a series of tubules that were confluent with degenerative seminiferous
tubules (spermatocysts), and which became stenotic and collapsed during spermiation.
However, the cystic form of spermatogenesis of the chondrichthyan testis does not
include a permanent tubule system with a germinal epithelium (Grier, 1993). Thus, the
stenotic tubules that LaMarca (1961) was referring to were most assuredly solid cords of
the ITD system with additional collapsed and differentiating spermatocysts prior to
luminal formation. Since LaMarca’s (1961) specimens were sampled during July, the TZ
was in the process of expansion and consisted predominantly of recently spermiated
cysts. The spermatocysts of some chondrichthyans exhibit no further indication of
structural development post-spermiation and are typically removed by degenerative
processes (Prisco et al., 2003; Mull et al., 2008). However, most studies only provide
marginal details of the collecting duct structure with little to no regard of the ITD system
beyond the initial formation from genital cords (Simpson & Wardle, 1967; Maruska et al.,
1996; Chatchavalvanich et al., 2005a; Zaiden et al., 2011). Recently, Park et al. (2013) and
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McClusky (2015) have formally addressed the ITDs for Mustelus manazo and Galeorhinus
galeus, respectively, and additional information has been provided for several batoids
(del Mar Pedreros-Sierra & Ramírez-Pinilla, 2015; Poulakis & Grier, 2014; Rossouw, 2014).
The uniqueness of the current findings for U. jamaicensis involves the two-fold
development of collapsed spermatocysts (i.e., DZ and TZ) and the intimate relationship
that the differentiated Sertoli cells maintain with the ITD system. LaMarca (1961) referred
to large round cells, presumably the hypertrophied Sertoli cells of the current study, but
did not establish any potential function.
The ITDs of U. jamaicensis occurred throughout all spermatogenic zones, with
clusters of adjacent spermatocysts interconnected by solid cords of duct cells. The
number of merging branches of the collecting ducts with embedded Sertoli cells or ducts
that were comprised entirely of hypertrophied Sertoli cells supports the hypothesis that
multiple cysts are interconnected in a web-like arrangement of anastomosed ductal cells.
As new waves of spermatocysts “rupture” during spermiation, they release their contents
into ducts that have formed or are in the process of forming patent lumina. In many cases
these spermiated cysts form segments of the collecting ducts that may remain embedded
within the epithelium for considerable lengths.

Therefore, the smaller segmental

branches of the collecting ducts that form in the TZ are in a continuous state of turnover
both during and between cycles. The loss of continuity among these initial branches of
the collecting ducts would explain the large aggregations of hypertrophied Sertoli cells
that coincided with spermiated masses during both degenerative peaks (April and
September).
Previous descriptions of the ITDs are scarce and they have been portrayed as
either a lengthy system of duct cells that individually connect to spermatocysts via
multiple branches (Park et al., 2013), or one that continually grows with developing
spermatocysts and forms “terminae of the collecting duct system” (Callard, 1991). In
contrast, the network of ductal cells that comprise the ITD system of U. jamaicensis
appears to consist of numerous shorter branches that interconnect between sequential
levels of developing spermatocysts and may form compound branching structures.
95

Whether or not this arrangement is common among chondrichthyans or is unique to
species that exhibit compound testes will require further comparative analyses.
Furthermore, it remains uncertain if this system is segmented into multiple columns of
highly branched cords or if the network is continuous throughout the lobule. The
localized degeneration of a segmented branched system may explain the formation of
degenerative cords into columns. The description of the ITDs for H. signifer as an
“incipient duct system that ramifies throughout the entire testis” appears congruent with
these observations (Chatchavalvanich et al., 2005a). During spermatocyst formation of
R. bonasus embryonic males, Sertoli cells are continuous with cells of the forming ITD,
and establish cohorts that appear to remain connected throughout spermatogenesis
(Poulakis & Grier, 2014). Regardless, the structure and formation of chondrichthyan ITDs
is likely highly variable and species dependent, which will require further detailed
examination to fully realize the extent and diversity of structural complexity.
Additional observations with structural evolutionary implications have previously
been considered, as Engel & Callard (2005) have alluded to cells of the ITD system as
potential “forerunners” of Leydig cells. Furthermore, Grier (1993) considered the lasting
attachment between spermatocysts and ITDs as the predecessor to a “true germinal
epithelium with tubule organization”. Indeed, the bipotential function of pre-Sertoli cells
forming both the primordial spermatocysts and intercystic cords of duct cells that
comprised the ITD were consistent with limited descriptions in previous reports, and
ductule branches were observed in all zones here (Stanley, 1963; Grier, 1993; Poulakis &
Grier, 2014).

Furthermore, in U. jamaicensis the seasonal DZ of hypertrophied

spermatocysts allowed a better appreciation of the connectivity between spermatocysts
and the ITD. The secondary differentiation of collapsed spermatocysts would suggest a
tertiary function for Sertoli cells with, minimally, a continued or potentially enhanced
steroidogenic function. In fact, androgen levels were repeatedly elevated during periods
that coincided with DZ formation (Jan-Mar) in D. sabina (Tricas et al., 2000). Thus, the
proposed derivation of presumptive Leydig cells from pre-Sertoli cells appears reasonably
supported, but requires further validation.

Additionally, it remains necessary to
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determine if only degenerative cysts are involved in this process or if ductule cells can
also differentiate.

Unfortunately, the genital ducts of male chondrichthyans have

received meager attention, even though they are considered the vertebrate archetype
and have numerous implications, associated with post-testicular maturational processes,
relative to fertilization success (Jones, 1999, 2002).
3.3.6.6.2

Collecting Ducts

The single longitudinal collecting duct remained a permanent fixture of U.
jamaicensis testes, varying only in location; occurring at the testis-epigonal interface
when lobules were developed and deeper in epigonal tissue when lobules were
regressed. The structural integrity of progressively smaller branches of collecting ducts
appeared directly related to the thickness of surrounding connective tissue layers. Thus,
the smaller more ephemeral ducts located in the vicinity of the TZ were in closer contact
with epigonal tissues and more likely to be degraded. Additionally, the maintenance of
collecting ducts due to seasonal development of lobules appeared to require
supplementation from collapsed spermatocysts as lengthy stretches of the larger, lobular
branches were observed during testicular regression that consisted of numerous
hypertrophied cells. Interestingly, the similar structure of a single longitudinal duct was
recorded for D. sabina (Lewis, 1982), whereas the congener U. halleri was reported to
have separate ducts that correspond with each lobule (Babel, 1967). However, on several
occasions U. jamaicensis appeared to have individual ducts present with each lobule,
which likely resulted from the level of sectioning. The multiple duct system reported for
U. halleri may represent variable formations of lobular branches that eventually merge
with the main longitudinal collecting duct.
As noted earlier, the degenerative processes that remove evacuated
spermatocysts prior to hypertrophy and formation of segmental collecting ducts,
coincided with extensive spermiated masses and subsequent reduced luminal contents
during early recrudescence. Whereas, brief interludes in spermiation and reduced
numbers of mature spermatocysts appeared responsible for the initial discontinuity of
collecting ducts that resulted in marginal sperm masses during January once increasing
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levels of spermiation had begun.

The complimentary dynamics between sperm

production and formation of collecting ducts would seemingly be reliant on levels of
spermiation to maintain patency between the ITDs and collecting ducts. The formation
of ducts from the DZ cords would have an added advantage in expediting this process.
Collecting ducts have been reported for U. halleri within interlobular septae that extend
between transiently developed secondary lobules (Babel, 1967). Since a meiotic block
was not reported for this species (Mull et al., 2008), the formation of interlobular
collecting ducts could replace and provide a similar function to the cords of DZ produced
by U. jamaicensis. Comparisons between species with a distinct quiescent phase (e.g., D.
sabina or U. halleri), continuous reproduction (e.g., U. rogersi) and with intermediate
patterns (e.g., U. jamaicensis) are necessary to recognize if the structure and formation
of collecting ducts vary throughout recrudescence among species and reproductive
strategies.
3.3.6.6.3

Extratesticular Ducts

The luminal mucosa of U. jamaicensis genital ducts consisted predominantly of a
simple ciliated, columnar epithelium similar to other chondrichthyans, although records
of ciliated pseudostratified columnar epithelia, as noted in other vertebrates, are also
prevalent in the literature (Pratt & Tanaka, 1994; Matthews, 1950; LaMarca, 1961; Botte
et al., 1963; Stanley, 1963; Babel, 1967; Lewis, 1982; Jones & Jones, 1982; Jones et al.,
1984; Jones & Lin, 1992, 1993; Chatchavalvanich & Visutthipat, 1994; Jones, 1998, 2000;
Hamlett et al., 1999b, 2002c; Jones & Hamlett, 2002, 2006; Reardon et al., 2002;
Gelsleichter et al., 2003; McClusky, 2003; Piercy et al., 2003; Chatchavalvanich et al.,
2005a; Blanco-Parra et al., 2009; Colonello, 2009; Moura et al., 2010; Serra-Pereira et al.,
2011a; Rossouw, 2014; del Mar Pedreros-Sierra & Ramírez-Pinilla, 2015; McClusky, 2015).
Jones and Jones (1982) characterized the occurrence of multiple cell types in H.
portusjacksoni genital ducts, but later considered the initially identified halo cells to
represent intraepithelial leukocytes with no further mention of basal cells (Jones & Lin,
1993; Jones, 1998, 2000). Several other studies have reported similar findings of multiple
cell types (Jones et al., 1984; Hamlett et al., 1999b, 2002c; Jones & Hamlett, 2002, 2006;
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Reardon et al., 2002; Piercy et al., 2003; McClusky, 2015). Jones & Lin (1993) proposed
that chondrichthyans exhibit three epithelial cell types; secretory (principal) cells, ciliated
cells, and intraepithelial leukocytes. The irregular appearance and assorted heights of cell
nuclei associated with varying cell types, might explain repeated descriptions of
pseudostratified epithelia among some studies, when multiple cell types are
undocumented.

However, during this study some intraepithelial cells occasionally

displayed nuclei that were parallel to the basement membrane of tubules, which suggests
basal cells that fail to reach the duct lumen may represent a fourth cell type, and signify
a true pseudostratified epithelia. During heightened degenerative activity (October),
large vacuolated cells extended through the entire epididymal epithelium, this also
coincided with luminal infiltration of leukocytes, cellular debris (including epithelial cell
nuclei), and deterioration and phagocytosis of spermatozoa. These large vacuolated cells
resembled the images and descriptions of “pale vacuolated epithelial cells” from
aflatoxin-treated mice, whereas control mice (untreated) did not exhibit these traits
(Agnes & Akbarsha, 2001). Vacuolated cells have been proposed to represent a natural
but enhanced immune response, with the expansion, engulfment and removal of
compromised principal cells by activated basal cells (Agnes & Akbarsha, 2001; Arrighi,
2014). Thus, a combination of basal cells and intraepithelial leukocytes in the genital duct
epithelia of U. jamaicensis, may be involved in immune-related responses and the
clearance of cellular debris. An alternative is these pale cells may represent “clear” cells,
which have been documented as proton secreting cells in mammalian epididymides
(Breton et al., 2016). Acidification of luminal fluids (maintenance of low pH levels) is
required to maintain spermatozoa in a quiescent state; this prolongs viability by
regulating sperm motility during maturation, transport and storage processes (Breton et
al., 2016).
All segments of the genital duct epithelia had microvilli, indicating absorptive
functions, however the simultaneous occurrence of ciliated cells made distinguishing
between a brush border and basal body difficult with light microscopy. Likewise, the
occurrence of stereocilia was not verified, but has been reported for some elasmobranchs
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at various locations of the extratesticular ducts (Jones & Jones, 1982; Jones et al., 1984;
Jones & Lin, 1992, 1993; Chatchvalvanich & Visutthipat, 1994; M cClusky, 2003, 2015; del
Mar Pedreros-Sierra & Ramírez-Pinilla, 2015).

Most studies, that have made

ultrastructural observations, have noted the simultaneous occurrence of microvilli and
cilia on both secretory and ciliated cells in varying proportions (Jones & Jones, 1982; Jones
& Hamlett, 2006). These observations are consistent with the fundamental role of
vertebrate genital ducts (e.g., transport, protein secretion and absorption of luminal
fluids), particularly that of the more extensively studied epididymis (Jones, 1999, 2002;
Cornwall, 2009; Hess et al., 2011). The transport of sperm for most species is considered
to be accomplished via ciliated movements and secretory activity of genital duct epithelia;
few exceptions of transport via peristaltic contractions of surrounding muscular tissues
(primarily of the seminal vesicles) have been reported (LaMarca, 1961; Lewis, 1982;
Hamlett, 1999; Jones et al., 2005).
3.3.6.6.4

Ductus Efferens

LaMarca (1961) previously reported a single ductus efferens for U. jamaicensis
that briefly diverged into several branches, and each separately converged with the single
anterior epididymis. This pattern was consistent with observations here, although,
additional examination of cleared specimens with perfusion casts would help clarify the
anatomical arrangement of these extremely small ducts. The number of recorded ductuli
efferentes varies among sharks (2-7). These ducts remain discrete ducts and form similar
numbered epididymides (Matthews, 1950; Botte et al., 1963; Stanley, 1963; Jones, 1998,
2000; McClusky, 2015) or converge proximal to the ductus deferens, forming a common
ductus efferens (Jones & Jones, 1982). A single ductus efferens has been reported for
most batoids (Botte et al., 1963; LaMarca, 1961; Babel, 1967; Jones, 1998, 2000; Hamlett,
1999; Hamlett et al., 1999b; Jones & Hamlett, 2002, 2004, 2006).

However,

Chatchvalvanich et al. (2005a) and Henderson et al. (2014) have reported two efferent
ducts connect each testis with the ipsilateral epididymis in the white-edge freshwater
whipray (H. signifer) and the long-tailed butterfly ray (G. poecilura), respectively.
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3.3.6.6.5

Epididymis

LaMarca (1961) originally described the epididymis of U. jamaicensis with two
zones that varied in luminal diameter and epithelial type. The anterior segment was
narrow in diameter with reduced lumina and a tall, irregular ciliated columnar epithelium.
Whereas, the posterior segment exhibited a larger luminal diameter and was composed
of a low, uniform, ciliated cuboidal epithelium. Ovoid to round nuclei were variably
positioned within the cells, but there was no mention of multiple cell types. These two
segments were consistent with the anterior and intermediate divisions of the
epididymides, identified in this study, which had considerable seasonal modifications in
the luminal, stromal and epithelial components of the ducts. Piercy et al. (2003) also
recorded a sizeable change in the seasonal structure of D. sabina epididymides, and
further characterized increased cellular activity with immunolocalization of proliferating
cell nuclear antigen (PCNA) during both late spermatogenesis and the onset of the
copulatory period.

These patterns coincided with increased cellular height, and

presumably corresponded with functional attributes of the epididymides. In addition to
providing a mechanism for sperm transport (i.e., ciliated movements) and storage, the
functions of epididymides includes secretory and absorptive processes that modify the
luminal environment in order to transform and maintain sperm that are viable, motile
and capable of fertilizing ova (Jones, 2002; Cornwall, 2009; Joseph et al., 2011; Breton et
al., 2016).
Although the epididymides of chondrichthyans are considered archetypical and
structurally less developed (Jones, 1998, 2002), U. jamaicensis appears to exhibit a
segmented regionalization (initial, anterior, intermediate, and posterior) that resembles
many eutherian mammals (Cornwall, 2009). However, since histological observations of
chondrichthyan epididymides are limited that include sections from the anterior and
posterior divisions, the existence of this level of segmentation for most species is
currently unknown (Jones & Lin, 1993; Jones & Hamlett, 2002; Colonello, 2009; del Mar
Pedreros-Sierra & Ramírez-Pinilla, 2015; McClusky, 2015). Del Mar Pedreros-Sierra &
Ramírez-Pinilla (2015) described variable histological structure of the head, body, and tail
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regions of epididymides of Potamotrygon magdalenae, which were considered related to
variable sperm maturational processes. Similar patterns of epididymal regionalization
have also been described for the school shark (Galeorhinus galeus), however, the use of
conflicting terminology (i.e. distal epididymis versus ductus deferens) and apparent
structural variations has led to further uncertainties in structural organization between
taxa (McClusky, 2015). The epididymis of chondrichthyans, in general, is an extensive and
highly convoluted tubule with progressive segments often intertwined, which suggests
possible discrepancies of positional sequences, or may indicate structural variation exists
among diverse taxa (Jones & Jones, 1982; Hamlett, 1999).
The brief “initial” segment identified and located at the transition between the
ductus efferens and the anterior epididymis was highly secretory, and displayed welldeveloped acinar glands during December, which corresponded with extensive
proliferation and increasing spermiation in the testes. The transition between the ductus
efferens and the epididymides of P. magdalenae, resembled the basic structure of the
initial segment of U. jamaicensis here, but lacked the extensive glandular tissue scattered
between the epididymal ductules (del Mar Pedreros-Sierra & Ramírez-Pinilla, 2015). Chen
et al. (1973) reported compound glands located at the anterior epididymis of Hemitriakis
japanica (=Galeorhinus japonicus), but published images were inconsistent with
epididymal tissue structure.

The occurrence of additional epididymal zones in U.

jamaicensis was unexpected and further sampling is required to confirm if the acini of the
“initial” segment exhibits seasonal patterns of development or persists throughout the
year.
Chondrichthyan epididymides are considered to gradually expand with distal
progression (Hamlett et al., 1999b; Jones et al., 2005; Henderson et al., 2014), yet the
intermediate epididymis of U. jamaicensis was dramatically increased in size during the
early proliferative phase of C1 (Dec-Feb). Transverse sections of the intermediate
segment had few tubules, with luminal diameters that greatly exceeded the dimensions
observed for the majority of the ductus deferens. Although these observations were
previously undocumented, the enlarged ducts of reproductively active G. galeus
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mentioned above, may be similar (McClusky, 2015). The extensive luminal distention in
U. jamaicensis is likely a result of excessive spermiation during C1, but a combination of
luminal fluid dynamics that involves disproportionate absorptive and secretory processes
cannot be ruled out. The extensive glandular structure of the initial and proximal
segments of the anterior epididymis of U. jamaicensis is supportive of increased secretory
activity proximal to the intermediate epididymis.

The distended segments of the

intermediate epididymis were comprised of dense accumulations of individual sperm
prior to the formation of linear aggregates. The sequential pattern suggests that segment
specific, secretory products occur during sperm transport (Cornwall, 2009), and
subsequent activity in distal segments is associated with “bundling” of sperm into linear
aggregates. Examination of the epididymis during peak activities of C2 (i.e., July) was not
performed, thus any similarities to C1 of excessive luminal distention remains
undetermined.
The posterior epididymis was identified as a third distinct zone, which was
characterized by the reappearance of an irregular, ciliated columnar epithelium,
prominent mucosal folds, and exhibited a moderately elongated and winding lumina. The
formation of linear sperm aggregates coincided with the transition between the
intermediate and posterior segments, which likely involved various contributions from
the abundant epididymal secretory cells.

The increased secretory function of the

posterior epididymis was associated with apical blebbing (apocrine secretions) and
formation of epididymosomes (Cornwall, 2009); merocrine processes have previously
been confirmed with preliminary TEM of U. jamaicensis (Hamlett, 1999) and L. erinacea
(Hamlett et al., 1999b). Similar observations of apocrine processes and corresponding
sperm aggregate formation has been recorded for G. galeus (McClusky, 2015). However,
the increased presence of Leydig gland tubules in the surrounding tissues suggests these
accessory glands may also supply secretions to distal segments of the posterior
epididymis. Input of Leydig gland secretions into the epididymis was not definitively
observed during this study, but has been recorded for other chondrichthyans (Jones &
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Jones, 1982; Jones & Lin, 1992, 1993; Hamlett et al., 1999b, 2002; Jones & Hamlett, 2002,
2006; Reardon et al., 2002; Jones et al., 2005).
3.3.6.6.6

Ductus Deferens

LaMarca (1961) originally described the ductus deferens of U. Jamaicensis with
two segments, however the anterior segment represented the ductus deferens as defined
by Hamlett (1999), whereas the posterior segment (or ampulla) is currently designated
the seminal vesicle (see below). The ductus deferens followed a sinuous path, whereas
in some myliobatiform rays, the ducts are essentially linear and remain proportionally
shorter than the convoluted ducts (Chatchavalvanich & Visutthipat, 1994;
Chatchavalvanich et al., 2005a; Henderson et al., 2014). The need for male sperm storage
is likely reduced, as these species with straightened ductus deferentes appear to produce
sperm year round. The ductus deferens of U. jamaicensis was only straight in immature
specimens, and gradually increased in length and sinuosity with maturation. Few studies
have included sufficient details on the structure of the ductus deferens, with many
referring to the organ as the ductus epididymis (epididymidis) (LaMarca, 1961; Lewis,
1982; Botte et al., 1963; Stanley, 1963; Babel, 1967; Chatchavalvanich & Visutthipat,
1994; Jones & Hamlett, 2002, 2006; Reardon et al., 2002; McClusky, 2003, 2015;
Chatchavalvanich et al., 2005a; del Mar Pedreros-Sierra & Ramírez-Pinilla, 2015). The
relatively straight ductus deferens of H. signifer had a pseudostratified ciliated epithelium
in numerous longitudinal folds, and a round moderately sized lumen (Chatchavalvanich
et al., 2005a). Uniquely, the entire organ of H. signifer was centrally positioned within
tubules of the Leydig glands (Chatchavalvanich et al., 2005a), whereas, the duct is
marginally embedded on the ventral aspect of Leydig glands in all other studies
performed on myliobatiform rays (LaMarca, 1961; Babel, 1967; Lewis, 1982; del Mar
Pedreros-Sierra & Ramírez-Pinilla, 2015; current study). The continuous secretory activity
of the ductus deferens in U. jamaicensis was indicative of the protracted time of
spermatogenesis and storage of spermatozoa in this animal with only brief interludes
between sequential reproductive cycles. Regardless of continuous secretory activity,
there was considerable seasonal variation in the size of the ductus epithelium that
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corresponded with the level of development of the adjacent Leydig glands. The ductus
deferens of P. magdalenae also had a highly secretory condition (del Mar Pedreros-Sierra
& Ramírez-Pinilla, 2015), whereas observations of G. poecilura suggested all portions of
the genital ducts were non-secretory (Henderson et al., 2014). The ductus deferens of
the holocephalans Hydrolagus colliei (Stanley, 1963) and Callorhynchus milii (Reardon et
al., 2002) had a highly secretory epithelia with moderately developed mucosal folds. Fully
formed spermatophores were already present, which were surrounded by an acidophilic
matrix with luminal elements identified as Leydig gland bodies (Jones & Lin, 1993). During
the November degenerative phase of U. jamaicensis, the vacuolated and “foamy”
appearance of some columnar cells resembled the lower epididymal epithelium of R.
eglanteria, which was suggestive of an increased absorptive function (Jones & Hamlett,
2002).
3.3.6.6.7

Leydig Glands

The Leydig glands represent modified tubules of the anterior mesonephric ducts,
which originally performed excretory functions during embryonic and early stage
development, prior to sexual maturation (Botte et al., 1963; Stanley, 1963; Hamlett, 1999;
Jones et al., 2005).

Leydig glands supplement epididymal protein secretions to

accommodate extensive levels of spermiation that are generated by cohorts of
simultaneously maturing spermatocysts (Jones, 1998, 2000). Del Mar Pedreros-Sierra and
Ramírez-Pinilla (2015) noted intense secretory activity of Leydig glands of immature
specimens, and further suggested these secretions may provide additional nonreproductive functions. During April and November, there was a dramatic increase of the
lamina propria that surrounded the ductus deferens of “resting” male U. jamaicensis, as
well as the extent of connective tissue between Leydig gland tubules. The secretory
tubules were more readily observed during this brief transitional stage, and confirmed
that multiple branches of coiled tubules converged with a non-secretory conductive (or
excretory) duct prior to discharging their contents into the extratesticular ducts. This
general pattern resembled observations of other chondrichthyan Leydig glands
(Matthews, 1950; Botte et al., 1963; Jones & Jones, 1982; Jones et al., 1984; Jones & Lin,
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1992, 1993; Hamlett et al., 2002c; Henderson et al., 2014). Additionally, during periods
of decreased development (Apr-May, Nov), the secretory tubules of U. jamaicensis
occasionally branched at their terminal ends.
Cellular activity of Leydig glands have been regarded as spatially variable in C. milii
with scattered basal nuclei of secretory cells exhibiting euchromatic (active) versus
heterochromatic (inactive) periods of protein synthesis and secretion (Reardon et al.,
2002; Hamlett et al., 2002c; Jones et al., 2005). In U. jamaicensis, “inactive” secretory
cells with heterochromatic nuclei were only observed sporadically during periods of
decreased development of the Leydig glands. Whereas, during periods of elevated
reproductive activity the only noticeable variation between secretory cells was the level
of staining intensity associated with the amount of stored secretory vesicles within the
supranuclear cytoplasm. No other publications have addressed seasonal variation in
structure, but all have commonly reported the same basic two cell structure of secretory
cells with interspersed ciliated cells (Stanley, 1963; Lewis, 1982; Hamlett et al., 1999;
Reardon et al., 2002; Hamlett et al., 2002c; Jones et al., 2005; del Mar Pedreros-Sierra &
Ramírez-Pinilla, 2015).
Previous studies on Urobatis (LaMarca, 1961, Babel, 1967) have reported that
secretions from Leydig glands empty solely into the ductus deferens, whereas R.
eglanteria and C. milii receive Leydig gland secretions to both the posterior epididymis
and ductus deferens (Jones & Jones, 1982; Hamlett et al., 1999b, 2002c; Jones & Hamlett,
2002, 2004, 2006; Reardon et al., 2002). The formation of linear sperm aggregates
coincided with structural modifications of the epididymis (i.e., reemergence of acinar
glands in the mucosa and stromal tissues), located at the intermediate to posterior
epididymal junction. However, the increased prevalence of Leydig gland tubules in the
surrounding tissues suggests that Leydig gland secretions are also present in the
transitional portions of the genital tract. Additional observations are required to verify if
Leydig gland tubules do indeed empty into the epididymis of U. jamaicensis. Regardless,
abundant input of Leydig gland bodies into the ductus deferens occurred, and these
secretions remained present within seminal vesicles during most of the year.
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3.3.6.6.8

Seminal Vesicles

The seminal vesicles of male chondrichthyans are the primary sites of sperm
storage, however during most reproductive studies they are typically only examined for
gross morphological criteria to determine sexual maturity and for the presence of seminal
fluids to indicate a readiness to copulate (Conrath, 2005). LaMarca (1961) originally
referred to the seminal vesicle of U. jamaicensis as the posterior ductus deferens (or
ampulla), and described the mucosa with a ciliated columnar epithelium and low irregular
folds that formed nearly transverse septa. The internal configuration of the luminal
septae, effectively compartmentalizes the structure, which has been described for other
species as resembling a spiral staircase with a similar internal structure as the spiral valve
intestine (Pratt & Tanaka, 1994; Reardon et al., 2002; Jones et al., 2005). The description
and illustration provided by LaMarca (1961) remains the most detailed account of the
gross anatomy of the seminal vesicle (Figure 3.75). Briefly, each nearly transverse septae
extends across the lumen and forms a series of alternating partitions or septal plates that
fuse with each adjacent anterior and posterior plate. The luminal aperture of each plate
consists of an elliptical perforation, which is eccentrically displaced and offset between
sequential plates. This structural pattern of staggered, chamber-like partitions is fairly
consistent among the few species described (Stanley, 1963; Pratt & Tanaka, 1994;
Reardon et al., 2002; Hamlett, 1999; Hamlett et al., 1999b, 2002c; Jones & Hamlett, 2002,
2006; Jones et al., 2005; del Mar Pedreros-Sierra & Ramírez-Pinilla, 2015). In longitudinal
sections of U. jamaicensis seminal vesicles, the alternating angles of septal plates creates
a V-shaped series of opposing ridges that appear pinnately branched as secondary ridges
were formed laterally.

The extent of stromal tissues forming the transverse and

secondary ridges was considerably more substantial during the months coinciding with
reduced luminal contents and disaggregated spermatozoa.
In U. jamaicensis, the fusion between sequential plates, both medially between
plates and laterally with the mucosal wall ended blindly as noted for L. erinacea (Hamlett,
1999; Hamlett et al., 1999b). These blind recesses provided ample space for sperm
storage within each septal compartment, whereas the strut-like secondary ridges
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supplied additional support and increased secretory surfaces. The seminal vesicle of U.
jamaicensis remained highly secretory throughout the year, which is likely indicative of
the prolonged maintenance of near-continuously produced and stored sperm during and
between both protracted mating seasons with only brief periods of depleted
spermatozoa. Piercy et al. (2003) observed a reinitiation of cellular proliferation with
immunohistochemical analysis (PCNA) of the seminal vesicle epithelium that occurred 12 months prior to epididymal recovery in male D. sabina. Modifications of the seminal
vesicle epithelium occurred during late spermatogenesis and throughout the copulatory
period, and were characterized by increased cell height and secretory activity. The earlier
recovery of seminal vesicles, was supportive of extensive production and storage of
sperm to accommodate the protracted mating season of male D. sabina. Whereas, no
seasonal difference in seminal vesicle structure was recorded for H. signifer which breeds
throughout the year (Chatchavalvanich et al., 2005a).
The general morphology of seminal vesicles (i.e., straight vs. doubling back)
corresponds with the periodicity of reproductive cycles, patterns of synchrony between
male and female gametogenesis, and diverse reproductive strategies. Since storage
capacity presumably increases with the diameter and length of seminal vesicles, the
morphology of seminal vesicles likely correspond with patterns of male GSI. Thus, testes
size and levels of sperm production, should reasonably indicate breeding strategies (i.e.,
mass production of sperm during a brief period vs. reduced levels of spermatogenesis
during a prolonged period), mate encounter rates, and the extent of male sperm storage.
Since the right testis is reportedly absent in G. poecilura (Henderson et al., 2014),
rudimentary in G. australis (Jacobsen et al., 2009) and noticeably reduced in other
gymnurids (Daiber & Booth, 1960; Kobelkowsky, 2004; Yokota et al., 2012), this trend may
involve year round breeding and asynchronous cycles, which only requires moderate
levels of sperm production. However, there was no indication of unilaterally enlarged
testes, similar to the condition of a single male U. jamaicensis, which exhibited
asymmetrical hypertrophy of the right testis to compensate for reduced sperm output.
Since only the left testis of G. poecilura was functional, consequently only the ipsilateral
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extratesticular ducts contained spermatozoa (Henderson et al., 2014). Furthermore, the
genital ducts were recorded as “straight, unconvoluted tubes” that lacked the typical
coiling of other chondrichthyans, but did gradually increase in diameter. Likewise, the
ductus deferens of H. signifer was straight and completely embedded within Leydig
glands, with modest luminal folds more abundant within the proximal region of seminal
vesicles (Chatchvalvanich et al., 2005a). The shortened genital ducts of both species,
supports limited male sperm storage as breeding appeared to be year round, with
decreased levels of continuous sperm production, and non-aligned, individual
spermatozoa consistently observed throughout all segments.
Similar to U. jamaicensis, the seminal vesicles of P. magdalenae are folded and
highly secretory, however, in addition to linear sperm aggregates they also produce a
unique form of spermatozeugmata (del Mar Pedreros-Sierra & Ramírez-Pinilla, 2015).
The advanced aggregate condition of spermatozeugmata suggests P. magdalenae has
lengthy durations of storage during the typical annual reproductive cycle, whereas U.
jamaicensis has a combination of storage with prolonged mating activity during the
biannual reproductive cycle. The spermatozeugmata of P. magdalenae consists of
circular arrays that are formed by individually embedded sperm, whereas those produced
by other chondrichthyans contain bundles of sperm aggregates (Matthews, 1950; Jones
& Jones, 1982; Pratt & Tanaka, 1994; Hamlett et al., 1999b). Interestingly, the seminal
vesicles of C. milii were reported as non-secretory (Reardon et al., 2002), whereas the
epithelium of H. colliei was considered secretory (Stanley, 1963). Both holocephalans
produce spermatophores (clusters of spermatozeugmata, embedded within an
acidophilic matrix) and thus continued secretions necessary for sperm maintenance,
opposed to a site strictly used for storage. This may indicate variations in secretory
functions of the proximal ductus deferens (including Leydig glands) or durations of male
sperm storage prior to breeding activities.
The seminal vesicle is the only segment of the genital ducts reported with
appreciable development of smooth muscle among chondrichthyans (Stanley, 1963; Pratt
& Tanaka, 1994; Reardon et al., 2002; Hamlett, 1999; Hamlett et al., 1999b, 2002c; Jones
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& Hamlett, 2002, 2006; Jones et al., 2005; Henderson et al., 2014). Typically, the
muscularis is described as a thick, circular layer of smooth muscle (or tunic) that surrounds
the lamina propria (Botte et al., 1963; Reardon et al., 2002). In addition the occurrence
of smooth muscle fibers within the mucosal folds is rarely reported (LaMarca, 1961;
Stanley, 1963; current study). Smooth muscle tissue is usually limited to the seminal
vesicles, but current observations and other studies have recognized scattered smooth
muscle tissue throughout the epididymides and ductus deferentes of several species of
myliobatiform rays with prevalence increasing in a distal progression (Piercy, 2002; Piercy
et al., 2003; del Mar Pedreros-Sierra & Ramírez-Pinilla, 2015). A deﬁned, thin muscular
layer was observed in the ductus deferens of resting male P. magdalenae (del Mar
Pedreros-Sierra & Ramírez-Pinilla, 2015). Whereas, Chatchvalvanich et al. (2005a),
recorded there was no muscular layer throughout any segment of the male genital tract
of H. signifer, with only scattered smooth muscle cells within the seminal vesicle. LaMarca
(1961) further commented on the mixed circular and longitudinal fibers regulating the
size of the luminal aperture in addition to the arrangement of smooth muscle throughout
the seminal vesicle which in sum, provides an ejaculatory mechanism during copulation.
3.3.6.6.9

Formation of Sperm Aggregates and Luminal Contents

The duration of sperm storage in the male seminal vesicles is undetermined for
most species; “residency” patterns may last for considerable amounts of time, depending
on rates of spermatogenesis and copulatory activity (Pratt & Tanaka, 1994). Several forms
of chondrichthyan sperm aggregates (e.g., linear “bundles”, spermatozeugmata,
spermatophores) have been previously described (Pratt & Tanaka, 1994; Tanaka et al.,
1995; Hamlett, 1999; Girard et al., 2000; Jones et al., 2005; Jamieson, 2005; del Mar
Pedreros-Sierra & Ramírez-Pinilla, 2015). However, the process of sperm aggregate
formation during transit through the male genital ducts has only been characterized for
several species, and these studies have only provided detailed observations of few
animals (Jones & Jones, 1982; Jones et al., 1984; Jones & Lin, 1992, 1993; Hamlett et al.,
1999b; Reardon et al., 2002; McClusky, 2015) or limited descriptions from larger sampling
efforts (Piercy et al., 2003; Chatchavalvanich et al., 2005a; Henderson & Arkhipkin, 2010).
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Lewis (1982) provided a seasonal account of male D. sabina with reproductive activity
categorized into five phases that represents the most comprehensive study before this.
The genital ducts of D. sabina became active during mid-spermatogenesis (Sep-Feb) with
individually scattered sperm observed in the epididymis, loosely aggregated sperm in the
ductus deferens, and densely bundled sperm in the seminal vesicles (possibly Sertoli cell
bodies still present). During late spermatogenesis (Mar-Apr) all segments were filled with
bundled “linear” aggregates that gradually became reduced and sequentially depleted
during the quiescent phase (May-Aug). Piercy et al. (2003) further corroborated these
observations with seasonal analyses of the epididymides and seminal vesicles. The
seasonal patterns of sperm density and aggregation were quite similar for U. jamaicensis,
however the accumulation of sperm within the intermediate segment of the epididymis
was more extensive with two distinct periods of increasing and decreasing development.
During the current study, the density, spatial arrangement, and distribution of
spermatozoa in genital ducts of male U. jamaicensis was characterized; from the onset of
spermiation in the testes through sperm transport throughout all portions of the ductal
system to storage in the seminal vesicles. The biannual cycle of male U. jamaicensis
displayed two discrete periods of sperm production that corresponded with seasonal
patterns of linear sperm aggregate formation and was delineated by intermediate periods
of disaggregation between both cycles. The formation of linear aggregates was first
established within the junction between the intermediate and posterior epididymis,
which closely followed increasing levels of sperm densities during peak proliferation.
These conditions extended posteriorly through subsequent segments of the genital ducts,
with maximum levels of linear aggregates accumulating in the seminal vesicles during
peak periods of ovulation and mating activities. During the transition between both
reproductive cycles, linear aggregates gradually dispersed into individual sperm with
reduced or depleted numbers observed during both periods of initial recrudescence (C1:
Jun and C2: Oct-Nov). The lack of linear aggregates was attributed to a cessation or
reduced proliferation of SIIa spermatocysts, coupled with the degenerative conditions of
SIIb spermatocysts that occurred during the meiotic blocks associated with both
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reproductive cycles. Pratt & Tanaka (1994) reported similar observations of seasonally
disaggregated sperm for several species that were known to form sperm aggregates.
However, it is uncertain if these species have continuous sperm production or experience
a period of quiescence between active spermatogenesis.

Whereas, the uniquely

repetitive association and disassociation of linear aggregates stored within the seminal
vesicles of U. jamaicensis were clearly associated with brief interruptions of
spermatogenesis during both proliferative phases.
The formation of sperm aggregates reported for many chondrichthyans has often
been considered a response to secretory activity of the Leydig glands (Pratt & Tanaka,
1994; Tanaka et al., 1995; Hamlett, 1999; Jamieson, 2005). However, the aggregates, are
also likely associated with the varied epithelial secretions and absorptive functions of the
ductus efferens and epididymis (Hamlett et al., 1999b; Jones, 2002; Jones et al., 2005).
The extensive secretory activity of U. jamaicensis genital ducts further suggests that
ductal epithelia secretions not only contribute to a large portion of the luminal matrix,
but are also involved in sperm aggregate formation. Sperm aggregates are not unique to
chondrichthyans and have been observed among many taxonomic groups ranging from
invertebrates to mammals (Immler, 2008; Ecroyd et al., 2009; Fisher & Hoekstra, 2010;
Nixon et al., 2011; Higginson et al., 2012). The potential advantages associated with
aggregate formation in chondrichthyans include to: reduce losses of sperm during
copulation, improve the efficiency of sperm transfer, and enhance the storage capacity
of sperm in both males and females (Matthews, 1950; Pratt & Tanaka, 1994; Storrie et al.,
2008). Alternatively, sperm competition is a fundamental component of post-copulatory
selective processes which may incorporate phenotypic traits of sperm morphology and
aggregate formation. From an evolutionary perspective, the major role of the vertebrate
epididymis is likely to regulate the level of post-testicular maturation, cooperation and
storage of sperm in order to increase successful paternity in competitive mating systems
(Jones et al., 2007).
Immler (2008) stated that ejaculatory traits such as the size, number and motility
of sperm are correlated with the intensity of sperm competition. Thus, formation of
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aggregates elicits an additional pattern of sperm cooperation to accomplish the same
desired result of enhanced fertilization. The conjugation or grouping of sperm displayed
by varied taxonomic groups involves the union of two or more sperm into three basic
forms; pairs, aggregates and rouleaux (a continuous line of stacked sperm) (Higginson et
al., 2012). The formation of cooperative groups has been reported to improve the
movements of sperm through viscous fluids, prolong duration of hyperactivity and
increase rates of movement in comparison with individual sperm (Jones et al., 2007;
Immler, 2008; Ecroyd et al., 2009; Fisher & Hoekstra, 2010; Nixon et al., 2011; Higginson
et al., 2012). Furthermore, in highly promiscuous deer mice (Peromyscus maniculatus),
the preferential adherence of sperm from one male (i.e., sibling sperm) was observed
during the formation of post-copulatory bundles or “cooperative groups” after multiple
polyandrous mating events (Fisher & Hoekstra, 2010). In addition to increased speed,
linear aggregates that remain in tight bundles may also reduce intermixing of sperm and
improve the chances that insemination will result in fertilization when multiple males
mate with a single female. Although patterns of sperm precedence are completely
unknown among chondrichthyans; broods with multiple paternity have tended to display
disproportionate ratios of sires (Pearse et al., 2002; Portnoy, 2010; Veríssimo et al., 2011;
Byrne & Avise, 2012; Griffiths et al., 2012; Boomer et al., 2013).

Nonetheless,

disaggregation is required for fertilization to occur and the dissociation of sperm
aggregates has been considered an early form of capacitation after a period of
“incubation” within the female reproductive tract of echidnas (Jones et al., 2007; Ecroyd
et al., 2009; Nixon et al., 2011).
The linear aggregates of U. jamaicensis were further indicative of intense sperm
competition, as sperm production was nearly continuous and mating occurred over two
protracted periods of copulatory activity. Thus, any sperm storage following both periods
of disaggregation would only be marginally advantageous, and simply result in a 1-2
month accumulation of sperm leading into each cycle. Lengthy sperm storage by males
would appear beneficial for oviparous species, since repetitive inseminations could
improve paternity as ovulation occurs over prolonged periods of time. Furthermore, it is
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not only advantageous to be prepared for chance encounters with asynchronized
reproductive cycles, but the ability to accumulate large quantities of sperm may increase
male reproductive potential within intensive polygynandrous mating systems (i.e., both
sexes mate multiply).

The lengthy production of sperm and widespread range in

ovulation for U. jamaicensis would suggest that sperm are continuously discharged and
replenished, throughout both periods of copulation. Thus, male sperm storage is a result
of extensive proliferation and structural accommodation from the lengthy and complex
genital ducts. During the transitions between both cycles, the loss of linear sperm
aggregates in the ductus deferens preceded dissociation of sperm aggregates in the
seminal vesicles. Luminal disaggregation also corresponded with the initial periods of
spermatogenic recovery (June and October), and with extensive depletion of
spermatozoa and luminal elements during November. Similarly, the sequential formation
of sperm aggregates during the subsequent proliferative phase occurred as sperm and
epithelial secretions were transported distally through the genital ducts during
recrudescence. The transient condition of sperm bundles in the genital ducts of U.
jamaicensis is further suggestive of factors associated with sperm competition influencing
the formation of sperm aggregates.
The synchrony between male and female reproduction during the protracted
biannual cycle suggests sperm storage is unnecessary, which further supports that sperm
competition is a more important determinant of aggregate formation in U. jamaicensis.
In contrast, the annual reproductive cycles of potamotrygonid stingrays correspond with
seasonal patterns of rainfall (dry/wet season) and food availability (Charvet-Almeida et
al., 2005; Hahn & MacDougall-Shackleton, 2008; Durant et al., 2013), thus female
ovulatory patterns may be more temporally restricted than males, and require some level
of male sperm storage. In male P. magdalenae, sperm are distributed individually, but
also form radial aggregates of spermatozeugmata in the ductus deferens and seminal
vesicles (del Mar Pedreros-Sierra & Ramírez-Pinilla, 2015). It remains uncertain if other
potamotrygonids display similar patterns, however these radially organized clusters that
resembled spermatozeugmata of H. portusjacksoni (Jones & Jones, 1982), may prolong
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the viability of a select portion of sperm residing in the seminal vesicles. If ovulation
occurs during an unpredictably brief period, then lengthy production combined with
storage-related aggregation may ensure sperm is consistently available in response to
appropriate conditions.

Similar “clusters” of individual sperm (associated with

eosinophilic masses) occurred in the seminal vesicles of U. jamaicensis during the brief
degenerative periods, when sperm density was minimal and linear aggregates
dissociated.

Chondrichthyans with continuous spermatogenesis and year round

reproduction would seemingly have little need for sperm storage, however variable types
of aggregates have been reported for some species (Girard et al., 2000), whereas others
have lacked aggregate formation at all levels of the genital ducts (Chatchavalvanich et al.,
2005a; Henderson et al., 2014). The genital ducts of both myliobatiform rays (latter
studies) are essentially unconvoluted, which suggests the primary function of these
truncated structures involves sperm maturational processes with negligible levels of male
sperm storage. Additionally, sperm storage within female OGs has been reported as
individually clumped or as linearly aligned bundles for several chondrichthyans (Pratt,
1993; Hamlett et al., 2005c; Henderson & Arkhipkin, 2010; Serra-Pereira et al., 2011a, b).
However, since both forms have been observed in the reproductive tract of female
conspecifics it remains uncertain if aggregates are the result of recent insemination or
represent long-term patterns of female sperm storage. Regardless, the potential added
advantage that aggregate formation might also improve conditions for sperm storage
cannot be discounted (see Chapter 5).
Three types of luminal elements (Sertoli cell bodies, Sertoli cell cytoplasts, Leydig
gland bodies) have previously been reported (Jones & Lin, 1992, 1993; Hamlett, 1999;
Hamlett et al., 1999b, Jones et al., 2005). The remnants of the Sertoli cells from U.
jamaicensis have already been noted within the ITD system, whereas larger acidophilic
material of the Leydig glands was primarily associated with the ductus deferens. Sertoli
cell bodies originate within the supranuclear cytoplasm of Sertoli cells from mature SVI
spermatocysts. They have been described as large, membrane bound, eosinophilic bodies
that are rich in various proteins (Pudney & Callard, 1986). Conversely, Sertoli cell
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cytoplasts have been considered small, membrane bound, eosinophilic bodies that
contain organelles associated with steroid secretion (with extensive smooth endoplasmic
reticulum, lipid droplets and mitochondria with tubular cristae). During the current study,
the unique formation of large, round, nucleated Sertoli cell remnants following
spermiation (and which resembled the hypertrophied Sertoli cells of collecting duct
epithelia) was noteworthy. The initial formation of Sertoli cell remnants occurred in the
ITD system, however it remains uncertain if post-spermiated differentiation
(hypertrophy) is initiated before or after separation from collapsed spermatocysts. Prisco
et al. (2002) noted the occasional occurrence of Sertoli cell remnants and “round cells” in
the lumina of recently spermiated spermatocysts of T. marmorata, and referred to these
latter structures as cytoplasts. In T. marmorata, most Sertoli cells were briefly “modified”
following spermiation and subsequently removed by degenerative processes (TUNEL
positive immunolocalization indicated apoptosis).

The round cells displayed the

ultrastructural composition of steroid secreting cells (i.e., euchromatic nucleus, extensive
SER, lipid droplets and mitochondria with tubular cristae).

These findings were

comparable with Sertoli cell remnants found during the current study but were clearly a
more prevalent feature in U. jamaicensis. Jones & Lin (1993) also briefly mentioned
cellular debris in the lumina of collecting ducts (rete testis) of H. portusjacksoni, which
included degenerating nuclei of spermatocysts. Whereas, Lewis (1982) noted that
rupture of Sertoli cells was incomplete in D. sabina, and nuclei remained intact within the
degenerating spermatocysts. However, Colonello et al. (2011) reported Sertoli cells
scattered among spermiated cysts (mistakenly identified as testicular tubules for sites of
intratesticular sperm storage) in Zapteryx brevirostris, which further suggests that
nucleated remnants of Sertoli cells may be a fairly common trait among certain batoids.
Sertoli cell remnants were not reported from the epididymides, of P. magdalenae,
however eosinophilic bodies were observed in ductus deferentia and seminal vesicles that
were considered cytoplasts (del Mar Pedreros-Sierra & Ramírez-Pinilla, 2015). These
luminal bodies persisted throughout the remaining genital ducts, but were less frequent
with distal progression.

The persistence of hypertrophied Sertoli cell remnants
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throughout the entire reproductive tract of U. jamaicensis has not been reported
elsewhere, thus a potential for continued steroidogenic functions within the lumina of
genital ducts remains plausible (Pudney & Callard, 1986; Prisco et al., 2002; Jones et al.,
2005).
During the proximal to distal transit through epididymal segments, spermatozoa
undergo a series of morphological, biochemical and physiological changes that result in
acquisition of progressive motility, and the functional ability to fertilize ova (Esponda,
1991; Cornwall, 2009). The sequence of absorptive attributes, combined with the
secretion of specific proteins in a stepwise progression, is essential for sperm maturation
and acrosome preparation. Nonetheless, capacitation does not occur within the female
reproductive tract of birds and certain reptiles (Esponda, 1991), and may also be
unnecessary among viviparous anamniotes. However, the segmental variations in density
and aggregative condition suggests functional transitions in the luminal arrangement of
sperm occurs with extensive modifications of the luminal milieu in elasmobranchs (Jones
et al., 1984; Hamlett et al., 1999b; Jones & Hamlett, 2002).
Proteins secreted by chondrichthyan genital ducts may provide additional
functions (e.g., enhanced storage viability, or improved fertilization efficiency).
Regardless, post-testicular maturation is suggested as motility becomes significantly
enhanced with distal progression through the genital ducts (Bedford, 1979, 2015;
Minamikawa & Morisawa, 1996; Jones et al., 1984, 2007; Jones, 1998, 1999, 2000; Jones
& Hamlett, 2002; Breton et al., 2016). Although the ultrastructure of H. portusjacksoni
sperm was not altered during transit, the distal acquisition of experimentally enhanced
motility was observed (Jones et al., 1984; Cornwall, 2009).
The accessory gland (i.e., alkaline gland or clasper gland) secretions of male
batoids, may also improve motility, fertilization success, and storage viability of sperm
within female reproductive tracts. Limited studies have described the structure of these
accessory glands, or chemical composition of their secretions (LaMarca, 1961, 1964;
Maren et al., 1963; Lewis, 1982; Piercy, 2002; Piercy et al., 2006a; Henderson et al., 2014;
and reviewed in Lacy, 2005).

Even fewer studies have experimentally tested the
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effectiveness of sperm interactions with these secretions (Bedford, 1979; Luer et al.,
2007). The addition of alkaline gland secretions to seminal fluids of clearnose skates (Raja
eglanteria), produced hyperactive beating of sperm tails, whereas motility was only
marginally increased with the addition of clasper gland secretions to seminal fluids,
suggesting possible functions of maintenance and sperm viability during long-term
storage (Luer et al., 2007). LaMarca (1964) suggested the highly viscous, and slightly
acidic (pH 6.2) clasper gland secretions of U. jamaicensis were conducive to sperm
transfer functions. Functional attributes included the formation of a suitable, waterproof
medium for sperm transport and clasper groove sealant with secretions readily
coagulating when mixed with seawater. A similar situation was reported for the barndoor
skate, Dipturus laevis (=Raja stabuloforis) (Friedman, 1935). Further, observations by
Piercy et al. (2006a) on Atlantic stingray (D. sabina) clasper gland morphology and
secretions provided additional support, and these authors also suggested an analogous
function to mammalian bulbourethral glands with coagulants potentially involved in
forming copulatory plugs (Richards et al., 1966; Wourms, 1977; Lacy, 2005). The functions
of copulatory plugs have been considered to impede successful insemination by
secondary males and facilitate sperm transfer (Poiani, 2006).
During the 1920s, Leigh-Sharpe (reviewed in Lacy, 2005) published a series of
papers on the comparative morphology of secondary sexual organs of elasmobranchs,
which regarded batoid clasper glands as homologues of prostate glands. However,
Büllesbach et al. (1997) considered that the alkaline glands of D. sabina performed
analogous prostate functions and secreted a unique glycosylated relaxin-like molecule,
referred to as “raylaxin” (Gelsleichter, 2004; Gelsleichter & Evans, 2012). Alkaline gland
fluids increased both motility and longevity of D. sabina sperm, however raylaxin alone
did not produce substantial increases in D. sabina sperm motility (Grabowski, 1993;
Büllesbach et al., 1997). These observations suggest a synergistic role of relaxin, or an
alternative component of alkaline gland fluids, in sperm transport. Relaxin, relaxin-like
molecules and cognate receptors are expressed with species-dependent distributions in
the testes, male genital ducts and accessory glands of numerous taxa (Ivell et al., 2010;
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Miah et al., 2015). Low levels of testicular relaxin are variably expressed within Leydig
cells and Sertoli cells, which presumably exert autocrine and paracrine functions that
influence spermatogenesis via receptors distributed on Sertoli cells and variably staged
germ cell lineages (Filonzi et al., 2007; Cardoso et al., 2010; Ivell et al., 2010).
Furthermore, the continued localized production of relaxin is suggested to stimulate male
reproductive tract development, and seminal fluid composition (Cardoso et al., 2010). In
most animals the primary source of relaxin is prostatic with supplemental production in
accessory glands.

Whereas, levels of gonadal versus extragonadal production and

secretion of relaxin in elasmobranchs remains largely unknown. Among sharks, relaxin
has been considered principally or entirely testicular in origin, although genital duct
epithelial and Leydig gland secretions have not been examined for relaxin production
(Steinetz et al., 1998; Gelsleichter, 2004; Gelsleichter & Evans, 2012). Higher levels of
relaxin in seminal fluids than the peripheral circulation (i.e., 1000 fold), during late
spermatogenesis and mating of bonnethead sharks (Sphyrna tiburo), was suggestive of
regulatory functions on the uterus (Gelsleichter et al., 2003).
Alternatively or possibly synergistically in sharks, elevated levels of serotonin are
secreted by the siphon sac epithelium of spiny dogfish, S. acanthias, which may facilitate
the progression of sperm to the site of fertilization (Mann, 1960; Mann & Prosser, 1963).
Uterine contractions induced by seminal fluid serotonin, may temporarily disrupt the
cervical barrier to sperm passage. The disruption of the cervical barrier then may be
followed by desensitization of the myometrium to further dosages of serotonin, with an
undetermined period of latency that inhibits passage of sperm from subsequent matings.
Serotonin regulation of uterine contraction in rats has been suggested to transport sperm
toward the oviducts through actions of 5-HT2A receptor, which preferentially induces
uterine contractions of the cervical region (Berger et al., 2009). Similar mechanisms of
localized serotonin regulation have been proposed for endocrine-like cells interspersed
throughout turkey vaginal and uterovaginal junction epithelia (Bakst & Akuffo, 2008;
Bakst, 2011).
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Whitney et al. (2004) did not investigate the physiology of siphon sac secretions
in whitetip reef sharks (Triaenodon obesus), but proposed the primary function of the
siphon sac was to physically transfer sperm, and not flush out rival ejaculates. Young
(1995) discussed effects of administering doses of serotonin on the “lower oviduct”
(isthmus) and “vagina” (uterus) of two oviparous species (Raja montagui and Scyliorhinus
canicula). Intense contractions in R. montagui suggested sperm transport functions of
serotonin, whereas ineffective stimulation of contractions for S. canicula, corresponded
with no indication of serotonin production in male siphon sacs. Minamikawa & Morisawa
(1996) reported pH was not a factor in regulating the acquisition of sperm motility in the
banded houndshark, Triakis scyllium (=T. scyllia), however, sperm suspended in seminal
fluids that included siphon sac secretions were not examined. Nonetheless, hexose levels
of uterine fluids were considered important for maintenance of sperm activity within the
female reproductive tract (Minamikawa & Morisawa, 1996). Reproductive studies on
Triakis spp. have suggested moderate to lengthy periods of female sperm storage (3 to
10 months), which depends on the reproductive cycle (annual vs. biennial) and estimated
rates of gestation (Smale & Goosen, 1999; Ebert & Ebert, 2005). The non-aggregated
sperm observed for T. scyllium, likely experiences transient motility while traversing the
uterine lumen, followed by a period of quiescence during storage presumably in female
oviducal glands (Minamikawa & Morisawa, 1996).
Minamikawa & Morisawa (1996) reported sperm acquire the potential for motility
within the extratesticular ducts, but initiation of motility likely occurs at ejaculation.
Widespread localization of several lectins has previously been reported throughout the
genital ducts of the clearnose skate, Raja eglanteria (Jones & Hamlett, 2002). The
modified expression of glycans along the male genital tract, were deemed to be
associated with maintenance and maturation of spermatozoa, during their distal
progression. Since relaxin produced in the male reproductive tract is primarily, if not
exclusively released into seminal fluids, it may act as an exocrine factor to improve the
motility of spermatozoa and thereby enhance fertility (Sherwood, 2004). Conversely,
glycosylated changes of sperm surfaces may be essential for survival during prolonged
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residency within female genital tracts, opposed to providing functions that strictly
enhance fertilization (Bedford, 2015). The glycosylated structure of the relaxin-like
molecule of male D. sabina, may also differ from ovarian derived relaxin, but confirmation
of sex-specificity has not been verified.

Multiple ligands (relaxin and relaxin-like

molecules) and receptors with variable expression and patterns of distribution have been
identified in humans (Ivell et al., 2010). Male accessory gland functions were not formally
assessed during the current study, however the clasper glands were noticeably enlarged
during both copulatory periods. Likewise, alkaline glands were continuously distended,
and the simple columnar epithelium generally contained acidophilic secretory material.
Clearly there is a need to further investigate the biochemical and morphological structure
of male accessory glands, throughout the biannual reproductive cycle of U. jamaicensis.
3.3.7 Female Reproductive Cycle
Female U. jamaicensis were recorded actively gestating throughout the year, but
exhibited two reasonably distinct and synchronized patterns in nearly all measured
reproductive parameters. A biannual reproductive cycle was visibly illustrated from the
combined patterns of the ovarian cycle, embryonic growth, and period of gestation for all
mature female specimens. The patterns in gestation, evidenced from daily scattergram
plots for individual sizes and weights of all developing embryos provided the clearest
representation of the biannual cycle for female specimens (Figures 3.64-65). Combined
with peak observations in ovulation and the simultaneous occurrence of both postpartum
females and free swimming neonates, the period of gestation was estimated ca. 4.5 to
5.5 months in duration. The bimodal pattern of embryonic development was associated
with a two month period of overlap (Jan-Feb & Jul-Aug) as the protracted nature of both
cycles displayed simultaneous observations of term stage embryos during the completion
of one cycle and uterine ova or early stage embryos during the beginning of the
subsequent cycle. Furthermore, the ovulatory period associated with each reproductive
cycle, corresponded with bimodal peaks in GSI for both sexes and LFD among females.
The bimodal patterns in GSI and LFD for female U. jamaicensis were quite similar with
each peak occurring at 6 month intervals (Feb & Aug) and trailing peak GSI in male rays
121

by one month. Females from total (CC) and RA cycles (C1 and C2) displayed follicles with
a consistent range of mean values (ca. 6-11 mm LFD) throughout vitellogenesis for each
cycle. Whereas, vitellogenic follicles of NR females exhibited larger mean values (ca. 1116 mm) of LFD prior to and during each designated ovulatory period. Regardless of
fecundity patterns, follicle size was consistently more representative of reproductive
status than GSI. This situation is to be expected, as depressed GSI during C2 was reflective
of decreased ovarian weight (ovulatory sized follicles only weigh ca. 1.0 g or less) and
reduced numbers of mature follicles (ca. 1-2). Since only one follicle typically developed
during C2, the maturing cohort was quickly depleted following ovulation and LFD was
subsequently reduced.
The greatest difficulty was delineating patterns for GSI from combined observations
during C2, as the greatly reduced level of vitellogenic follicles associated with the less
fecund cycle was only marginally noticeable above the surrounding months. However,
patterns of LFD among NR females (U3/6) as well as U4 females established the timing of
the 2nd ovulatory period and corresponded with the 2nd GSI “mini-peak” during August.
Female HSI was unstructured with no specific seasonal pattern. Mean monthly HSI for
total CC fluctuated with a general increasing trend from minimal values during February
to maximal values during June and October; both peaks coincided with minimal LFD
values that preceded the onset of vitellogenesis for each subsequent cycle. Furthermore,
the most extensive decline in HSI occurred from October to February that corresponded
with increased follicle development and vitellogenic activity, preceding C1. Hussey et al.
(2009) considered HSI a seasonally-sensitive condition index and noted that liver weight
can fluctuate with migratory patterns, seasonal feeding regimes, reproductive condition,
and can be influenced by metabolic demands associated with varying environmental
conditions (e.g., temperature). The lack of a seasonal pattern in HSI may not be
uncommon among female chondrichthyans, and occasionally this index is only measured
in males (Trinnie et al., 2009, 2012). The offsetting conditions of gestation and concurrent
vitellogenesis among annual and multiannual viviparous species may be unfavorable for
the formation of seasonal patterns in HSI, particularly if matrotrophy is extensive.
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However, Santander‐Neto (2015) reported a bimodal pattern of HSI for female U.
microphthalmum that appeared inversely correlated to LFD. Although monthly patterns
of HSI for U. jamaicensis were erratic, minimum and maximum values were similarly
inverse to patterns of LFD. Furthermore, the analysis of HSI by uterine stage indicated
that reproductive condition more clearly illustrated the inverse relationships between HSI
and both the GSI and LFD of female rays. However, differences in fecundity and patterns
of increasing and decreasing water temperatures appeared to influence the patterns of
vitellogenesis during the transition between both reproductive cycles. The HSI of
pregnant and non-pregnant species of elasmobranchs has previously been assessed
independently (Hussey et al., 2009), but additional non-somatic weight of maternal
females due to intrauterine embryos and uterine fluids is typically not taken into account.
Apparently, only Gutteridge et al. (2013) have removed brood weight from GSI analyses
with no study addressing possible maternal condition effects on HSI prior to this study.
3.3.7.1

Periodicity of the Ovarian Cycle and Patterns of Vitellogenesis

The periodicity of the ovarian cycle has been defined as the length of time required
to complete sequential ovulatory cycles (Walker, 2007), and thus it involves the duration
and timing of vitellogenesis (i.e., simultaneous or sequential processes), the number of
developing follicles and the period of ovulation. Among myliobatiform rays, these
processes are somewhat varied and along with extensive ranges in gestation have
established an array of diverse reproductive strategies, while maintaining a reproductive
mode defined by lipid histotrophy. The basic description and ultrastructural analysis of
folliculogenesis has previously been documented for U. jamaicensis (Hamlett et al.,
1999c). Folliculogenesis among myliobatiform rays is uniquely characterized by extensive
inward folding of the follicular epithelium (granulosa and vascularized thecal tissue) that
occurs throughout the interior of growing oocytes once follicles have attained diameters
of ca. 1-2 mm (LaMarca, 1961; Babel, 1967; Lewis, 1982; Teshima & Takeshita, 1992;
Hamlett et al., 1999c; Chatchavalvanich & Visutthipat, 1997; Lutton et al., 2005; Acero et
al., 2008). LaMarca (1961) originally described these vitellogenic follicles with epithelial
folds as post-ovulatory corpus luteum for U. jamaicensis, and the same misidentification
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was repeated by Chatchavalvanich & Visutthipat (1997) for Himantura (=Dasyatis)
bleekeri. These follicular extensions effectively increase the internal surface area, and
likely contribute to the rapid accumulation of yolk proteins observed in most
myliobatiform rays during vitellogenesis.
Walker (2005) has recommended plotting the LFD for separate uterine conditions to
characterize the patterns of follicle growth and determine the ovarian cycle for mature
specimens. Typically, U5 females have been used to assess the ovarian cycle, as the
pregnant condition is considered to provide the least “ambiguous” representation of
patterns in LFD. The remaining mature uterine conditions are considered useful for
clarifying the timing of both ovulation (U4) and parturition (U6), particularly when
periodicity is longer than an annual cycle. Because U3 females may represent nulliparous
females preparing for first reproduction, or multiparous females that have recovered
from parturition and are either resting or vitellogenic, this uterine condition has been
deemed to be less reliable for determining the uterine cycle. However, during the current
study, daily patterns of LFD for all U5 females varied with stage of gestation and only few
U5e females completing C1 had ovulatory-sized follicles. The subsequent transition to C2
was completed rapidly as typically only a single ovum fully developed, and vitellogenesis
accelerated following parturition. The LFDs of early (C2) and late (C1) stage females were
similarly reduced during the C2 transition, thus follicle sizes between both reproductive
cycles essentially blended together. However, daily plots for all mature uterine conditions
combined, more clearly represented the bimodal pattern of LFD associated with the
biannual cycle.
The relatively low occurrence of mature NR females (ca. 7% of total female
specimens) and the varying patterns in the transition between cycles made differentiating
between pre-ovulatory (U3) and postpartum females (U6) occasionally challenging.
Inevitably some females were technically both postpartum and pre-ovulatory, as LFD was
large enough to be immediately ready for the next cycle, whereas others still required
more time to complete vitellogenesis. However, the duration of uterine recovery, from a
distended and firm uterine condition following parturition to an expanded but pliable pre124

ovulatory condition, remains undetermined and may represent a lack of full recovery
prior to ovulation for some females. Furthermore, the pattern of vitellogenesis varied
individually, as both uterine conditions (U3, 6) displayed developing and mature follicles
ranging between ca. 8-16 mm LFD. The difficulty associated with effectively delineating
between postpartum and pre-ovulatory females based on uterine condition was the
reason for combining both stages as NR females. Since the timing and overlapping nature
of these two uterine conditions was ambiguous, both were grouped together (NR
females, U3, 6) to distinguish them from RA females during analyses. Recent parturition
could often be externally recognized from a sunken, concave dorsum (Henningsen, 2000;
Spieler et al., 2013), with several observations immediately following the birth of viable
offspring confirming a concave dorsum as postpartum uterine condition (U6). Even when
parturition occurred post-capture and the U6 condition was verified, LFD varied
considerably between individual females.
The LFD scattergram of U3, nulliparous specimens (open circles in Figure 3.60A) had
a fairly clear pattern of growth that suggested follicles required ca. 12 months to
completely develop. The smallest vitellogenic follicles, ca. 2-4 mm LFD, likely represent
the succeeding batch that will complete vitellogenesis, and should be fully mature for the
same cycle during the following year. This scenario is consistent with two cohorts at 6month intervals that are simultaneously in the growth phase with 1-2 cohorts of
intermediate follicles that will not complete vitellogenesis. However, the protracted
nature of each ovulatory period, as well as the overlapping nature of both reproductive
cycles often displayed the simultaneous occurrence of U4 females at the onset of one
cycle and U5e females at the conclusion of another cycle. The division of both cycles into
separate RA groups and further consideration of NR females transitioning between both
cycles provided a suitable method to determine the periodicity of specific reproductive
parameters. GSI and particularly LFD values of NR females were considerably improved
for visual inspection of patterns in peak follicle development, as vitellogenesis was
extensive in preparation for the subsequent cycle.
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The reduced fecundity during C2, resulted with lower values for RA females as the
growing pool of follicles was depleted faster, however the maximum follicle size of NR
females was similar between both cycles if not in fact slightly larger during C2 with less
follicles maturing. Similar to patterns of spermatogenesis in males, the patterns in GSI
and LFD for CC of females were dominated by C1 for most analyses, whereas C2
represented a condensed second ovarian cycle. The larger mean LFD values observed
during C1 produced a greater influence on CC patterns, since fecundity was increased and
sequential ovulation persisted over a prolonged period of time. Thus RA females during
C1 had ovulatory sized follicles for an extended duration, whereas ovulation was
completed more rapidly during C2, and midrange “intermediate” follicles underwent
atresia earlier in the cycle. This process also initiated elevated levels of follicle growth
earlier during the cycle as necessary which supported the higher fecundity associated
with the subsequent C1 ovulatory cycle. Nonetheless, LFD patterns, established from
mean monthly, uterine stage and daily scattergram plots, all support a biannual cycle with
a prolonged occurrence of elevated LFD during the initial portions of each cycle, followed
by a gradual decline and subsequent recovery of follicle development.
Vitellogenesis and gestation for U. jamaicensis were essentially concurrent with
increased LFD leading up to parturition and subsequent maximum LFD occurring just prior
to ovulation. There were several specimens with ovulatory sized follicles prior to
parturition, however, most term stage females appeared to require a short interval to
complete yolk deposition after parturition. Regardless, the completion of vitellogenesis
among NR females (U3, 6) was apparently a rapid process, which has also been suggested
for U. rogersi (Mejía-Falla et al., 2012) and U. microphthalmum (Santander‐Neto et al.,
2016). The increased fecundity observed during C1 required a moderately longer process
to complete vitellogenesis, and the initial follicles to mature (ca. 1-2) were typically more
advanced in development than the remaining follicles of the same cohort. This pattern
suggests that vitellogenic growth of the entire cohort is completed after the onset of
ovulation and may partially explain the prolonged period of the ovarian cycle. Conversely,
if disparity exists between the individual sizes of a maturing cohort, smaller follicles
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ovulated during the latter portion of C1 would likely still be compensated for by extensive
levels of matrotrophy.
The protracted nature of ovulation may be a consequence of continued vitellogenesis
during the ovulatory period, as embryo size often varied in utero during the earlier stages
of development which further indicates interbrood variation in the timing of ovulation
and subsequent initiation of embryonic growth. The occurrence of sequential ovulation
in U. jamaicensis was particularly evident during C1 with increased fecundity. Mejía-Falla
et al. (2012) observed a single brood of U. rogersi with variably sized offspring, but
considered this an anomalous trait as all other broods consisted of similar sized offspring.
However, fecundity was generally limited to two offspring or less (maximum of 3), thus
species such as U. jamaicensis with larger brood sizes could produce variably sized
offspring based on complex fecundity relationships and patterns of uterine lateralization.
Skewed interbrood ratios between bilaterally functional uteri occasionally resulted in
larger mean offspring size from the side containing less embryos. Furthermore, the
protracted period of ovulation and repetitive cohorts of developing follicles in U.
jamaicensis may be indicative of multiannual reproductive cycles. A remaining issue is to
determine if the protracted ovulatory period occurs for most individuals or if ovulation is
collectively dispersed across the female population, forming a loosely defined ovulatory
period.
Potentially, repeated inseminations that require multiple mating events may be
necessary for U. jamaicensis to ensure the successful fertilization of each individually
ovulated oocyte (W.C. Hamlett, personal communication). Furthermore, since females
apparently lack the capacity for long-term, sperm storage there should be an increased
likelihood of multiple paternity observed for broods comprised of more than one
offspring. Myliobatiforms and other viviparous batoids that encapsulate ova tend to
ovulate in rapid succession with all ova deposited into a single, shared egg capsule per
functional uterus (Snelson et al., 1988, 1989; Maruska et al., 1996; Capapé et al., 2002;
Waltrick et al., 2012). In contrast, female nurse sharks, Ginglymostoma cirratum deposit
an egg case around each egg during a protracted ovulatory period that lasts ca. 2-3 weeks
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(Castro, 2000). U. jamaicensis lacks extensive egg investitures (see Chapter 5) and
sequential ovulation of individual eggs appears to result from separate and discrete
ovulatory episodes, which lends support to a repeated insemination hypothesis.
However, verifying the occurrence and extent of multiple paternity for U. jamaicensis will
require molecular analyses, particularly of broods during C1 when fecundity levels are
sufficiently elevated and both uteri are typically in use.
With U. jamaicensis, in this study, 2-4 batches of developing follicles were observed
with similar sized follicles in discrete size classes throughout the year. Pratt (1979)
reported two defined groups of follicles for the blue shark, Prionace glauca with the
smaller size class representing the growing pool of follicles for the subsequent annual
reproductive cycle. Multiple cohorts of developing follicles have also been observed for
other myliobatiform rays (Babel, 1967; Thorson et al., 1983; Martin & Cailliet, 1988;
Mejía-Falla et al., 2012; Poulakis, 2013; Alkusairy et al., 2014). Babel (1967) noted three
distinct cohorts for U. halleri with follicular development reportedly requiring two years
to complete. The staggered growth pattern exhibited by the two largest cohorts was
considered to result in a single group maturing annually. However, the multiple cohorts
observed during the current study displayed an unexpected pattern of development that
limited the effectiveness of LFD measurements to clearly represent the patterns of
follicular growth during the onset of vitellogenesis. Specifically, the follicles initially
recruited into the growing pool, that eventually completed vitellogenesis and were
ovulated, went unrecognized during the earlier portions of gestation, as LFD remained
transiently elevated after cessation of the ovulatory period. The prolonged occurrence of
enlarged follicles may have either signified that ovulation was initially incomplete or
represented unused mature oocytes that will eventually degenerate. Thus, synchrony
between the ovarian and uterine (gestation) cycles was obscured by a dynamic pattern of
folliculogenesis that involved multiple batches of simultaneously growing follicles with a
considerable turnover as a result of atresia.
The prolonged period of enlarged follicles at the beginning of embryonic growth,
coupled with an increased development of new vitellogenic follicles towards the end of
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gestation was evident in the sigmoidal pattern of daily LFD plots. Likewise, during
analyses of the uterine stages for CC and C1, the LFD among gestating females was
significantly larger for both the initial (U5a) and terminal (U5e) stages of development.
Similar patterns of enlarged follicles during the beginning and end of gestation were
reported for several developmental stages of U. rogersi (Mejía-Falla et al., 2012) and U.
microphthalmum (Santander‐Neto et al., 2016). Whereas, with U. jamaicensis, during C2,
LFD was only marginally elevated during early stage development and increased to
substantially larger sizes during the final stages of embryonic development, prior to the
C1 ovulatory period.
Comparisons between LFD and embryonic growth displayed polynomial relationships
that were nearly sigmoidal for both CC and C1, due to the obscure patterns of
vitellogenesis and prolonged period of elevated LFD during early gestation. By the time
the transition in vitellogenesis for the subsequent cycle occurred, embryos were already
in middle to late stages of development (U5b, c) with sizes ranging between 75-100 mm
TL. The exchange between both cycles was established when follicle sizes were ca. 6 mm
LFD, and was followed by continued growth through the completion of vitellogenesis.
Thus, the initial growth pattern of follicles and the recognition of which cohorts will
complete vitellogenesis and which will be removed by atresia remain undetermined. An
increased LFD is expected during the C1 ovulatory period (U4 and U5a) while follicles are
still in the process of ovulation. However, the extended period of elevated LFD does not
represent a “semi-delayed” pattern of vitellogenesis as reported by Capapé et al. (1990,
1992), but rather a concealed pattern as smaller, non-vitellogenic follicles were initially
overlooked and not measured while sequentially developing batches of larger follicles
were still present. Most previous studies on species with annual cycles have a linear
relationship between the concurrent patterns of vitellogenesis and embryonic growth,
with no indication of a continued presence of enlarged follicles throughout the period of
ovulation or into the earlier stages of development (Conrath & Musick, 2002; Conrath,
2005; Walker, 2005, 2007; Blanco-Parra et al., 2009; Trinnie et al., 2009).
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Since annual reproductive cycles typically have linear relationships between LFD and
embryo growth, the prolonged occurrence of enlarged follicles may also be indicative of
species with repetitive, multiannual cycles as seen here for U. jamaicensis, and also
reported for U. rogersi (Mejía-Falla et al., 2012) and U. microphthalmum (Santander‐Neto
et al., 2016). The continued presence of enlarged, but non-ovulatory sized follicles is
more consistent with multiple batches of sequentially growing follicles prior to or
currently undergoing atresia. The complexity of the vitellogenic cycle, as observed for
these urotrygonids, may provide a useful indicator of multiannual cycles, particularly for
myliobatiform rays with reported asynchronous cycles that may actually be producing
multiple broods throughout the year (Yokota & Lessa, 2007; Rubio Lozano, 2009; Costa,
2011; Yokota et al., 2012; Santander‐Neto, 2015). Further analyses conducted with all
grossly discernible ovarian follicles (total counts and measurements) remains necessary
to track folliculogenesis of multiple cohorts from the onset of vitellogenesis to the
completion of ovulation. Similar procedures have been used for oviparous species to
estimate fecundity patterns throughout the duration of the entire ovulatory period
(Tovar-Ávila et al., 2007).
Walker (2007) suggested that vitellogenesis is more efficient in warmer waters, thus
gummy sharks (M. antarcticus), distributed in cooler, southern waters of Victoria were
limited to sequential vitellogenesis and a biennial cycle, whereas an overlapping
population in warmer waters from Western and South Australia displayed simultaneous
vitellogenesis with an annual cycle. The subtropical conditions of coastal waters in
southeast Florida have two distinct seasonal patterns of increasing (March-September)
and decreasing (October-February) bottom temperatures that ranged between 19-31˚C
with minimum (22.2 ±0.07 SEM °C) and maximum (29.8 ±0.04 SEM °C) mean monthly
temperatures during February and September, respectively (Figure 3.6). Although this
range in temperature is not overly drastic, the differences may be sufficient to support
the ability of U. jamaicensis to produce two separate vitellogenic cycles annually. Pérez
et al. (2011) determined a variable thermal regime, opposed to constant elevated
temperatures induced elevated levels of circulating 17β-estradiol (E2) during
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vitellogenesis in European silver eels (Anguilla anguilla). Furthermore, although synthesis
of vitellogenin (VTG) was enhanced with increased temperatures in juvenile Atlantic
salmon (Salmo salar), the binding affinity of hepatic estrogen receptors (ER) was reduced
at excessively high temperatures (Anderson et al., 2012).
The selection process of ovarian follicles for cyclic recruitment, maturational
dominance and the removal of supernumerary growing follicles like most aspects of
reproductive endocrinology are poorly understood in chondrichthyans (McGee & Hsueh,
2000; Awruch, 2013). Since vitellogenesis in U. jamaicensis is a continuous process with
growth of multiple batches of ova staggered throughout the year, the signals that regulate
(deter or elicit) apoptosis appear to determine if growing follicles will mature or
degenerate. Several specific regulators of apoptosis, including “rescue” and atretogenic
factors have been identified in ovaries. These include hormones (e.g., testosterone),
growth factors and cytokines that functionally vary with the expression of specific
receptors at different levels of development (Kaipia & Hsueh, 1997; Markström et al.,
2003). The Fas-Fas Ligand apoptotic pathway is reported to induce follicular atresia in T.
marmorata (Ricchiari et al., 2003).
In U. jamaicensis the selection criteria for which of the multiple growing cohorts will
either complete maturation or undergo atresia with possible luteinization is intriguing.
Since female body condition (i.e., HSI) is variable and lacks seasonally structured patterns
it would be interesting to determine not only why, but how U. jamaicensis can generate
and maintain two separate cycles and what mechanisms regulate the variation in
fecundity observed between both cycles. Follicular atresia is extensive in U. jamaicensis,
which could involve yolk resorption and reallocation as a secondary source of vitellogenin
(VTG) for growing follicles. Prisco et al. (2008) have reported supplemental synthesis of
VTG directly from granulosa cells, however VTG is usually hepatically derived and
regulated by E2, and thus follicular transfer from recycled VTG would establish an ovarian
process yet to be described. The potential for intraovarian recycling of VTG might provide
a faster turnover of yolk deposition for subsequent batches of follicles. Interestingly, the
granulosa cells of vitellogenic follicles in U. jamaicensis display an ephemeral population
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of large lipid containing cells that reportedly dissipate in follicles larger than 7 mm in
diameter (Hamlett et al., 1999c). However, histology of an enlarged follicle (LFD = 13.1
mm) from a term stage female exhibited numerous large cells scattered throughout the
follicular extensions that conflicts with the loss of these cells prior to ovulation (Figure
3.76). Babel (1967) termed these “nutritive” cells for U. halleri. They have also been seen
in several other batoid species with little discussion of potential functional attributes
(Hamlett et al., 1999c). Large cells have been observed in close apposition to atretic
follicles and this might be a mechanism for transfer of VTG between follicles. This
hypothesis warrants further attention with radiolabeled tracer studies to verify and
describe VTG allocation patterns (Huveneers et al., 2011; Van Dyke et al., 2012; Warne et
al., 2012).
The bimodal peaks in follicle development corresponding to the C1 (Jan-Apr) and C2
(Jul-Sep) ovulatory cycles had follicle sizes of ca. 14-16 mm LFD. These values are
consistent with other small to moderate sized myliobatiform rays (Babel, 1967; Capapé &
Zaouali, 1995; Maruska et al., 1996; Mull et al., 2010; Mejía-Falla et al., 2012). Although
enlarged follicles during C1 persisted into April, the majority of the larger sized follicles
were recorded from gravid females that had sufficiently advanced levels of embryonic
development (i.e., ≥ 20 mm TL), and were considered no longer actively engaged in
mating. Likewise, the mean value of LFD during April (CC: 𝑥̅ = 9.63 mm) fell below the
“arbitrary” cutoff considered for ovulatory sized follicles (i.e., 10+ mm), suggesting the
majority of females had completed ovulation. The second ovulatory period was more
difficult to observe, since a reduced number of follicles developed and typically only one
embryo was present during C2. Regardless, the same protracted period of ovulation was
evident as U4 and U5a females were observed from July to October during the course of
this study. July observations consisted of only early stage embryos that had recently been
ovulated, whereas uterine ova without any grossly detectable embryonic development
were recorded during August-October. The absence of a distinct peak in GSI from
combined mean values during C2 suggests the use of caution when a second cycle is
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suspected, as this parameter alone may be insufficient to recognize a bimodal pattern,
and was only slightly improved with LFD.
3.3.7.2

Gestation, Embryonic Growth and Period of Parturition

Gestating female U. jamaicensis occurred throughout the year, but exhibited two
distinct and synchronized patterns of embryonic growth at 6-month intervals. The daily
scattergram plots for U. jamaicensis embryonic growth clearly illustrated a biannual
reproductive cycle that displayed an overlap of ca. 2 months between both protracted
patterns in ovulation and parturition. The gestation rate for both reproductive cycles was
moderately fast, ca. 5 months, and this pattern is certainly capable of accommodating
two reproductive cycles annually with an additional buffer for the completion of
vitellogenesis. The simultaneous occurrence of term stage embryos completing one
cycle, and uterine ova beginning another was commonly observed during the transition
between consecutive cycles. The mean monthly size of U. rogersi embryos had similar
patterns but with three less defined peaks that suggested parturition occurred during the
months of January, May, and September (Mejía-Falla et al., 2012). However, the estimate
of a 4-5 month gestation for U. rogersi would seemingly not allow a triannual cycle by
definition.
The reported triannual cycle for U. rogersi undoubtedly represents a multiannual
cycle; however, several parameters require further clarification to determine if three
cycles per female is possible or if reproductive episodes are dispersed throughout the
study population with three general peaks on an annual basis. Given the length of
gestation with only 5% of larger-sized pregnant females having both term stage embryos
and “large” follicles suggests the potential for a triannual cycle may be limited to larger
size classes (Mejía-Falla et al., 2012). Furthermore, as only 344 of the total 1023 females
sampled were pregnant, a considerable portion of mature females were apparently
undergoing a resting interval. Gestation alone would require ca. 12-15 months to
complete three consecutive cycles and since most females are not capable of ovulation
at the time of parturition, a triannual cycle does not seem plausible on an individual basis.
It appears more likely that U. rogersi exhibits a biannual reproductive cycle with an
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asynchronous and alternating periodicity, which is characterized by three peak periods of
ovulation and parturition within the population annually. These three peaks would
effectively simulate a triannual cycle; when in actuality each intermediate cycle is likely
skipped during a brief interval (ca. 3 months) to complete vitellogenesis and results in a
discontinuous (partially synchronous) biannual cycle. Conceivably, a third cycle could
occur for larger-sized females within a single year, but this would require a shorter
gestation (at least during one cycle) and a rapid completion of vitellogenesis after
parturition to accomplish a genuine triannual cycle. Additional information on the
patterns of embryonic growth and follicular development remains necessary to further
characterize the reproductive cycle of U. rogersi. Recent reports of three peak breeding
periods for U. venezuelae in Colombian Caribbean waters suggests similar traits that
require additional data to verify (Acevedo et al., 2015).
Triannual cycles have been recorded in captivity for P. motoro (Thorson et al., 1983),
as well as the onset but not completion of a third cycle for N. kuhlii (Janse & Schrama,
2009). However, both species have annual cycles reported in the literature for wild
specimens (Charvet-Almeida et al., 2005; Pierce et al., 2009). The annual cycle of P.
motoro appears to be associated with the annual hydrologic cycle of endemic river basins
(i.e., wet vs. dry season), whereas N. kuhlii has recently been acknowledged as a species
complex and this may imply regional variation in reproductive parameters (Puckridge et
al., 2013). Regardless, the captive conditions appear to have modified the natural
periodicity and established multiannual cycles for these species with short gestation
rates. Similarly, D. americana has an annual cycle with an estimated 7-month gestation
period in wild specimens (Ramírez-Mosqueda et al., 2012), but in captivity gestation has
occasionally been reduced to ca. 4.5 months with a biannual cycle observed (Henningsen,
2000). Among wild specimens, the only proposed triannual cycle that appears reasonable
is for D. marmorata which has a reported 3-4 month gestation, concurrent vitellogenesis,
and three peaks in term stage embryos (Capapé & Zaouali, 1995). However, adequate
data is still lacking to confirm each individual is capable of three reproductive cycles, and
to determine whether a multiannual cycle or an asynchronous annual or biannual cycle
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similar to U. rogersi exists. The difficulty lies in establishing the accurate number of cycles
completed annually for species that have aseasonal cycles with multiannual periodicity.
However, if data is acquired that supports the occurrence of multiple batches of
developing follicles and the prolonged elevation of LFD during the early stages of
embryonic development, then any uncertainties may potentially be alleviated.
3.3.7.3

Sex Ratio and Size at Birth

The equal sex ratio at birth (1: 1) observed for U. jamaicensis is commonly reported
for chondrichthyans, particularly among myliobatiform rays when data are available
(Trinnie et al., 2009, 2012; Pierce et al., 2009; Rubio Lozano, 2009; Mejía-Falla et al., 2012;
Santander‐Neto, 2015). Sex ratio at birth is prevalent in demographic analyses and used
to track fecundity patterns based on the number of female offspring produced per female
in an age or stage structured population model (Caswell, 2001). Thus, the number of
females born in a population with an equal sex ratio at birth is 0.5, as only half of the
births will produce females. Even the operational sex ratios of adult populations are
generally not significantly different from a 1: 1 ratio, unless there is sex-biased
exploitation or if species display seasonal sex segregation patterns. Examples of sex
segregation for myliobatiform rays exist. Male U. halleri are distributed nearshore most
of the year, whereas females occur offshore in deeper water during the winter months
(Babel, 1967; Talent, 1985; Mull et al., 2008, 2010). The roughtail stingray, D. centroura
has a lengthy seasonal distribution pattern along the eastern U.S. coastline with gestating
females remaining longer at southern “wintering” grounds for parturition (Struhsaker,
1969). Even U. jamaicensis displays occasional nearshore aggregations of females prior
to parturition (Fahy, 2004).
Size at birth was variable for both reproductive cycles and will be discussed further in
regards to maternal and brood size relationships (see below), thus the present section will
concentrate on comparing the general aspects associated with proportional sizes at birth
and seasonal patterns between C1 and C2. The sexual-size dimorphism already discussed
during maturity analyses, obviously increases the ranges in size at birth. When each sex
is considered separately, males have a larger size proportionally at birth than females,
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however females achieve larger asymptotic sizes. The general range in proportional size
for combined term stage offspring (33-37%) was quite similar to other moderate sized
rays with equivalent brood sizes (Babel, 1967; Mull et al., 2008, 2010; Hale & Lowe, 2008;
Trinnie et al., 2009, 2012; Mejía-Falla et al., 2012). A slightly larger trend in proportional
size at birth was noted for urolophids in Western Australia that produced smaller sized
broods (White & Potter, 2005; Trinnie et al., 2012). Although there was not a statistically
significant difference in offspring size between cycles for U. jamaicensis, term stage
offspring weighed significantly more during C2. However, the two largest offspring from
class 7 females were considerably larger than all other term stage offspring (i.e., weight
equivalent to three average sized embryos combined) and may have skewed the results.
Although the designation of term stage embryos falls within the observed range in
size of field collected neonates, one potential issue will be the underlying uncertainty that
measured sizes and weights of offspring represent the true completion of development
as additional growth in utero may have occurred beyond the sampled condition. The
potential for further development and attainment of larger sizes, cannot be ruled out, as
“term” stage condition does not infer the timing of parturition was imminent, thus
offspring could have remained in utero and continued to grow, especially during C2 when
smaller broods have reduced space limitations. Regardless, the large proportional size at
birth demonstrates that a considerable portion of total growth occurs in utero prior to
parturition.
3.3.7.4

Fecundity Relationships

The obvious differences in UF between C1 and C2, in addition to differences in
embryonic stages of development during the transitional periods, were the initial traits
that identified a potential biannual cycle during preliminary investigations (Fahy et al.,
2007). The possibility of a second cycle represented by a subgroup of asynchronous
breeding females, resembling the original cycle Babel (1967) proposed for the congener
U. halleri was initially considered. However, this pattern did not adequately explain the
significant differences in brood sizes between both discrete breeding periods.
Presumably, fecundity would remain reasonably equivalent with only the timing of
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asynchronous cycles (i.e., 6 months out of phase) differing between separate annually
breeding populations of females. The production of two broods per female (a biannual
cycle), characterized by consecutive reproductive cycles with alternating patterns of
higher and lower fecundity is a more plausible explanation for a significant difference in
fecundity than an asynchronous cycle. Fecundity relationships among chondrichthyans
are common, but definitive relationships are not always established as uncertainties often
exist in determining accurate brood sizes as stress induced abortion is prevalent (White
& Potter, 2005; Ebert & Cowley, 2009; Trinnie et al., 2009, 2012). The collection method
of capturing individual rays with handnets during this study eliminated issues of brood
retention that have plagued other studies, thus variations recorded for UF between
reproductive cycles were deemed reliable.
3.3.7.4.1

Seasonal Fecundity

Uterine fecundity of U. jamaicensis was generally low, as typical for most
chondrichthyans (Cortés, 2000; Conrath, 2005).

Roughly an equivalent number of

maternal females (C1: n = 73 and C2: n = 69) were compared between both reproductive
cycles with fecundity significantly larger during C1 as more than double the number of
offspring were produced (C1: N = 241 and C2: N = 100). Additional comparisons between
designated size classes revealed a steady increase in fecundity with larger size during C1,
whereas C2 was characterized by reduced fecundity, regardless of size class. These
observations indicated that an increased reproductive effort was associated with C1 and
this conclusion was further supported from similar patterns in male spermatogenesis
between both reproductive cycles. Unfortunately, Babel (1967) did not provide many
details on uterine fecundity of U. halleri. However, he did record the collection of a larger
number of neonates (< 80 mm DW) during Sep-Nov (n = 144) that corresponded with the
primary reproductive cycle, and a noticeably reduced number of neonates collected
during Feb-Apr (n = 26) during the secondary cycle. These differences may be suggestive
of reduced fecundity associated with the “asynchronous” subpopulation, which could
result from either a limited number of RA females or reduced brood sizes in general.
Verification would require a more extensive collection of gestating females, as done here,
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to determine actual fecundity patterns in utero, and to further distinguish between one
or two separate annual cycles, opposed to a potential single biannual cycle.
Seasonal fecundity patterns are not typically addressed among viviparous species,
although potential differences may occur for species with asynchronous cycles.
Nonetheless, fecundity is not expected to vary between similar sized individuals under
constant conditions.

However, seasonal variations that corresponded with water

temperature have been observed for rates of oviposition and size at eclosion in the
oviparous little skate, Leucoraja erinacea (Palm et al., 2011). Thus, yolksac viviparous
species that are strictly lecithotrophic could conceivably exhibit variation in the number
and size of vitellogenic follicles. Although larger brood size and offspring size was
attributed to increasing maternal size for the asynchronous cycle of Squalus megalops
(Braccini et al., 2006).

Several U. jamaicensis females contained embryos with

intermediate stages of development during the transitional period between cycles; this
variation may represent females undergoing first reproduction that were slightly out of
phase (i.e., ovulated earlier or later) with the remaining mature population. This has been
recorded for the Caribbean sharpnose shark, Rhizoprionodon lalandii in Brazilian waters
(Andrade et al., 2008). A second possibility is that of merely a natural occurrence of
“occasional asynchronous” females, which may be a result of previous increased
fecundity, with effects on gestation rates that have temporarily delayed or prolonged
vitellogenesis for the subsequent cycle. The latter condition appears likely for U.
jamaicensis during C2, as a secondary reduction in fecundity was observed for class 7
females (UF = 1) following considerably larger brood sizes (UF = 4-7) during C1. Whereas,
brood sizes for both intermediate size classes (5 & 6) were comparable between cycles
(C1 UF = 1-4 and C2 UF = 1-3). These observations suggest an apparent limitation on
resource allocation during vitellogenesis associated with C2, due to the simultaneously
elevated fecundity during C1. However, since matrotrophic conditions are extensive,
histotroph production with decreased uterine competition resulted in larger offspring size
for the largest females during C2.
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3.3.7.4.2

Maternal Size and Brood Size Relationships

For many chondrichthyans a positive linear relationship between maternal size
and brood size exists, and larger brood sizes correspond with increasing maternal size
(Conrath, 2005). This relationship is generally considered as the increased capacity
associated with larger maternal size accommodates larger broods, as well as, improved
energetic reserves to produce additional follicles in lecithotrophic species and nourish
additional uterine young in matrotrophic species (Du & Lü, 2009; Pincheira-Donoso &
Tregenza, 2011). The fecundity advantage associated with maternal size is considered to
be more prevalent with viviparity. However, viviparous species that fail to demonstrate
a maternal size-brood size relationship tend to be less fecund and produce proportionally
larger sized offspring (Smith & Merriner, 1986; Guallart & Vicent, 2001; McLaughlin &
Morrissey, 2005; White & Potter, 2005; Poulakis, 2013). Nonetheless, most studies have
not examined a maternal size-offspring size relationship.
Linear relationships were fitted to U. jamaicensis fecundity data to determine the
influence of maternal size (DW) and weight (TWadj) on brood size but only marginal
differences were observed between these two maternal attributes. All fitted regressions
displayed significant, positive relationships with a poor to moderate fit of regression lines.
However, a stronger linear relationship was observed with increased levels of fecundity
associated with C1 than C2. The low r2 values during this study are typical as fecundity
among chondrichthyans is generally limited for viviparous species (Cortés, 2000; Conrath,
2005). Thus maternal size constraints have limits to fecundity that vary with reproductive
strategies, the timing and allocation patterns of energetic investments (i.e. pre-ovulatory
and post-ovulatory maternal contributions), and tradeoffs in both the number and size of
vitellogenic eggs and offspring produced.

Regardless, fecundity of U. jamaicensis

increased with maternal size with a stronger relationship for C1, in comparison with C2.
The same patterns of improved linear relationships during C1 were repeated for all
subsequent fecundity analyses (see below, life history attributes).
Fecundity is inherently limited for small bodied tropical rays (range 1-7); however
U. jamaicensis exhibits a “fast” life history strategy with rapid growth, early maturation,
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and a biannual cycle, and with the production of moderately increased numbers of
smaller sized offspring in comparison with larger sized rays (Table 1.1) (Reznick et al.,
2002). These traits generate increased biologic productivity, which presumably offsets
potentially higher rates of juvenile mortality (Simpfendorfer, 1992; Cortés, 2000; Frisk et
al., 2001; Gutteridge et al., 2013).

Although size at birth is small, offspring are

proportionally large to adults and likely transition quite rapidly through vulnerable
ontogenetic stages due to warmer conditions, prey availability and accelerated growth
rates. Regardless that fecundity is reduced during C2, the additional cycle effectively
increases annual production (1-3 offspring), which helps alleviate maternal size
constraints even further.
3.3.7.4.3

Life History Attributes

Since maternal size effects on fecundity were indicated, additional regression
analyses were conducted on brood size and relative mean size (or weight) of term stage
embryos to identify any potential tradeoffs between the size and number of offspring
between both reproductive cycles. Preliminary results with raw data indicated there was
no significant relationship, whereas upon corrections for maternal size a significant
negative relationship was observed for all comparisons with increased fecundity during
C1 again having the strongest correlation. The mean relative size and weight of offspring
per brood decreased, with increasing brood size, demonstrating a tradeoff for offspring
size with increased fecundity. Likewise, the mean relative size and weight of offspring per
brood decreased, respectively with increasing maternal DW and TWadj, further indicating
the increased fecundity associated with larger females and subsequent indirect maternal
effects on offspring size. Unfortunately, the maternal size (or weight) and offspring size
(or weight) relationships are typically neglected in most studies. Thus, species that are
reported to lack fecundity relationships with maternal size may still have significant
maternal effects on the quality of offspring produced. Having larger sized offspring is
often noted among species with reduced fecundity (Smith & Merriner, 1986; Neer &
Thompson, 2005; Pérez-Jiménez, 2011; Poulakis, 2013), but unfortunately the size of
offspring relative to maternal size is rarely documented.
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Increased fecundity during C1 indicated that larger broods were correlated with
smaller sized offspring. Larger females were capable of producing larger broods during
both reproductive cycles, but this pattern had a secondary decline in brood size during C2
with the largest females producing a single larger sized offspring instead. If this pattern
of fecundity dominance is consistent among species with multiannual cycles, then caution
must be exercised when conducting analyses as maternal size relationships may be
considerably reduced or seemingly unobserved as reported for other urotrygonids
(Guzman Castellanos, 2006; Acevedo et al., 2015; Santander‐Neto, 2015). Likewise, Ebert
& Cowley (2009) reported that D. chrysonata in South Africa did not have a significant
maternal size to offspring size relationship even though brood sizes were moderately
large (1-7) and larger sized females were generally more fecund. They proposed an
annual cycle with a 9-month gestation, but the occurrence of early stage (13 mm DW) and
term stage (172 mm DW) embryos throughout the same period (Oct-Nov) suggests a
possible asynchronous or multiannual cycle alternative. However, the potential for
unaccounted variability in fecundity due to a more complex reproductive cycle, or cryptic
sympatric species in D. chrysonata will require additional sampling to verify.
3.3.7.4.4

Left vs. Right Uterine Fecundity

Both uteri of U. jamaicensis were functional; however the left uterus exhibited
unilateral dominance, regardless of reproductive cycle, demonstrating both consistently
higher contents and frequency of use for all size classes. The majority of myliobatiform
rays display distinct asymmetry with only the left uterus functional; bilateral symmetry is
restricted to three families (Gymnuridae, Potamotrygonidae, and Urotrygonidae) and
three known species of Myliobatis. Functional lateralization of uteri was also evident for
U. halleri (Babel, 1967), U. rogersi (Mejía-Falla et al., 2012), U. venezuelae (Acevedo et al.,
2015), and U. microphthalmum (Santander-Neto et al., 2016) suggesting that
asymmetrical patterns of development and use occurs among smaller sized rays, such as
urotrygonids. Whereas, functional symmetry of larger sized rays with bilateral uteri
appear to have embryos distributed equally between both uteri (Martin & Cailliet, 1988;
Yokota et al., 2012). Few studies have compared fecundity between bilaterally functional
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uteri among species of sharks, and when conducted, they have generally not shown any
significant differences in lateralized fecundity (Smale & Goosen, 1999; Ebert & Ebert,
2005; Braccini et al., 2006; Huveneers et al., 2007; Walker, 2007).
Figure 3.67 clearly shows the left uterus of U. jamaicensis consistently possessed
more embryos and that an increasing use of the right uterus occurred with larger size
classes during C1, whereas C2 primarily exhibited the sole use of the left uterus with
decreased fecundity recorded for all size classes. However, on rare occasions solely the
right uterus was used or contained larger numbers of ova or embryos than the left uterus.
The right uterus was used only once by a larger sized, class 4 female with increased
fecundity during C1 (brood size = 3; 2L: 1R) and was marginally transitional with the next
size class. The majority of specimens from size class 4 presented undeveloped right uteri
that were thin and flaccid in condition. However, the use of the right uterus sequentially
increased in both frequency and fecundity with increasing size classes during C1. During
C2, total fecundity was reduced for all size classes, however there was limited use of the
right uterus indicated by some intermediate sized females (size classes 5, 6) that produced
larger broods. The largest females (size class 7) produced the largest broods during C1,
however, fecundity was subsequently limited to a single, large sized offspring during C2
(see Seasonal Fecundity, section 3.3.7.4.1). Whereas, the reproductive effort of stingrays
from intermediate size classes was dispersed between both cycles, which increased
fecundity during C2 in comparison with size class 7. Apparently, the slightly larger brood
sizes produced during C2 resulted with an increased use of the right uterus. This fecundity
pattern appears to have increased the combined annual fecundity of intermediate sized
rays, by allocating the energetic investments for follicle growth and gestation more evenly
throughout both cycles.
Primarily during C1, there was some indication of variability of embryo size at
different stages of gestation between uteri. During earlier stages of development,
embryos residing within the right uterus tended to be smaller (size and weight) than
embryos from the left uterus, which seems appropriate as they were likely the last to be
ovulated. Furthermore, if the right uterus was unused during C2, the left uterus may be
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advanced in development and prepared to produce histotroph earlier than the right
uterus during C1. However when disproportionate numbers of offspring were distributed
between uteri, the uterus with lower fecundity typically had larger sized offspring during
advanced stages of development. Oftentimes, this resulted with term stage offspring
from the right uterus that were considerably larger than the more numerous offspring in
the left uterus, particularly when the ratios of offspring between uteri were heavily
skewed. Similar observations were made for Atlantic sharpnose sharks, Rhizoprionodon
terraenovae and were considered due to mechanical “packing” and associated with
intrauterine competition for nourishment from endometrial secretions (Parsons, 1983).
The same explanation for size differences observed for U. jamaicensis is feasible and
would also potentially contribute to the marginally larger sized offspring produced during
C2 when fecundity is reduced. The early stage difference in size of developing embryos
suggests that ovulation and fertilization in the left uterus typically occurred first, and that
the right side was used with increasing frequency as brood sizes increased. This pattern
of left uterine dominance is likely due to ovulation of individual oocytes that consistently
enter the left side due to a closer proximity of the left ostial aperture, as noted by Babel
(1967) for U. halleri. The increased use of the right uterus during C1 may be a result of
the simultaneous ovulation or a rapid succession in ovulation of two or more ova that
increases the chances of loose follicles within the abdominal cavity to bypass the occupied
left ostium and enter into the right side (see Chapter 4 for discussion of additional
lateralization aspects with uterine development).
3.3.8 Reproductive Traits Associated with the Formation of Multiannual Cycles
Gestation rates among myliobatiform rays were originally considered brief (e.g., 2-4
months) (Wourms, 1977; Hamlett & Koob, 1998), however, this generality is somewhat
misleading as a large range in the duration of embryonic development (ca. 3 to 19
months) has been reported (Table 1.1). Regardless if short rates of gestation are not
entirely representative of the order, the propensity for species that complete embryonic
development in 6 months or less remains noteworthy when considering the processes
involved in forming multiannual cycles. There are ca. 20 species of myliobatiform rays
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with reported gestation rates of 3-6 months in duration (Table 1.1). Many of these species
appear limited to an annual reproductive cycle or longer due to consecutive
vitellogenesis, whereby discrete periods of gonadal quiescence and follicular growth are
subsequent to embryonic development, which then results in lengthy interbrood intervals
(Snelson et al., 1988; Maruska et al., 1996; Seck et al., 2002; Pierce et al., 2009). Also
several species exhibit moderate to extensive periods of eggs in utero (e.g., 5-9 mos.) with
no grossly discernible embryos, followed by short periods of active development (e.g., 25 mos.). The extended period of uterine ova has been attributed to embryonic diapause
(or delayed development) for a number of elasmobranchs, although histological
verification has seldom been performed (Snelson et al., 1989; Morris, 1999; White et al.,
2002; Trinnie et al., 2009, 2012; Waltrick et al., 2012). Even though ovarian follicles
remained small and undeveloped throughout the period of diapause, vitellogenesis was
concurrent with embryonic growth, and rapidly completed to maintain an annual cycle
among these species.
The capacity for any species to produce multiple broods in a single year obviously
requires a specific set of criteria to be satisfied. As noted above, the total period of
gestation must be relatively short (i.e., 6 months or less for a biannual cycle) in order to
complete more than one reproductive cycle in a single year. Additionally, concurrent
vitellogenesis with little to no resting period is necessary to maintain continuity between
consecutive cycles. Therefore, mature females need to be prepared to initiate the next
reproductive cycle immediately following or shortly after parturition. Furthermore, a
sufficient level of reproductive synchrony between both sexes must exist or a mechanism
for long-term, female sperm storage is required for successful fertilization during
consecutive ovulatory periods. These parameters are fundamentally no different than
what is required for a typical annual cycle with only the duration and frequency of each
reproductive cycle modified to complete two or more cycles in a single year. To date,
only three species of urotrygonids (Urobatis jamaicensis, Urotrygon microphthalmum,
and Urotrygon rogersi) have been sufficiently examined, and fulfilled these criteria, to
confirm a multiannual reproductive cycle (Fahy et al., 2007, current study; Mejía-Falla et
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al., 2012; Santander-Neto et al., 2016).

Nonetheless, studies with several other

urotrygonids and two dasyatids with subtropical, tropical and equatorial distributions,
have indicated that multiannual cycles may be more prevalent among small-sized
myliobatiform rays than previously considered (Guzmán Castellanos, 2006; Perez Flores,
2006; Rubio Lozano, 2009; Costa, 2011; Palmeira, 2012; Acevedo et al., 2015; Santander‐
Neto, 2015).
Multiannual cycles are less common in the literature, likely as past studies have been
biased towards temperate species which tend to exhibit seasonal, monestrous
reproductive cycles. Multiannual cycles have been reported for a multitude of taxa with
diverse reproductive modes, which includes numerous marine invertebrates: corals
(Richmond & Hunter, 1990; Baird et al., 2009; Rosser, 2013); sea cucumbers (Ramofafia
et al., 2003); mollusks (Ward & Davis, 2002); various buthid scorpions (Lourenço, 2000;
Warburg, 2012); and a diverse assemblage of aquatic and terrestrial vertebrates: teleost
fish (Gill et al., 1996; Frías-Alvarez et al., 2014; Colihueque et al., 2015); amphibians
(Morrison & Hero, 2003; Haddad & Prado, 2005; Crump, 2015); reptiles (Broderick et al.,
2003; Litzgus & Mousseau, 2003; Langford et al., 2011; Mathies, 2011; Nascimento et al.,
2013; Marques et al., 2014); passerine birds (Komdeur & Daan, 2005; Hahn &
MacDougall-Shackleton, 2008); and mammals (Brown, 1964; Krishna, 1985; Porter, 2000;
Tschapka, 2005; Reynolds et al., 2009; Kawamichi, 2010; Smith et al., 2011; Barros et al.,
2013; Durant et al., 2013; Levesque et al., 2013; Lučan et al., 2014). The majority of these
species are distributed in subtropical to tropical climates, with reproductive phenologies
that typically correspond with seasonal patterns in rainfall (dry/wet season) and food
availability. However, photoperiod is still considered the primary regulatory cue for some
animals (i.e., birds) with “fine-tuning” of reproductive periodicity influenced by periods of
high resource availability (Hahn & MacDougall-Shackleton, 2008; Durant et al., 2013). In
many cases, multiannual cycles involve a single, prolonged breeding season with two or
more repetitive spawning events, clutches, broods, or litters produced, followed by a
discrete period of quiescence.
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As previously mentioned, nearly all reports of chondrichthyans with proposed
multiannual cycles have involved myliobatiform rays; however, many of these studies
have relied on the seasonal occurrence of neonates with only minimal data presented on
gestating females (Capapé & Zaouali, 1995; Yokota & Lessa, 2007; Pierce et al., 2009;
Ramírez-Mosqueda et al., 2012). The prevalence of small to moderate sized tropical rays
with proposed multiannual cycles, suggests that habitat characteristics and reproductive
mode are essential traits. The vast majority of extant myliobatiform rays are distributed
in tropical and subtropical waters, and are highly matrotrophic with lipid histotrophy
common among all species studied (de Carvalho et al., 2004; Compagno, 2005; Hamlett
et al., 2005a). Furthermore, the “fast” life history strategies evident for urotrygonids and
likely other small bodied species, provides several additional traits that are conducive to
the formation of multiannual reproductive cycles. Female rays with small asymptotic
sizes, fast growth rates and small sizes at first maturity should be at an advantage
according to metabolic theory and allometric relationships for shorter developmental
rates during gestation (Brown et al., 2004). The temperature size rule (TSR) is widely
supportive of ectotherms (ca. 80%) producing both larger sized eggs and offspring in
colder environments (Baldanzi et al., 2015). However, larger brood sizes with smaller
sizes at birth may have increased rates of development in comparison with the production
of fewer and larger offspring (Gillooly et al., 2002). These patterns demonstrate size and
temperature dependent relationships with metabolic processes, thus growth and
development rates will be faster with increased temperatures. Higher temperatures will
also have additional benefits associated with increased rates of vitellogenesis (Walker,
2007) and coupled with smaller-sized follicles at ovulation will lead to a faster rate of
development necessary to maintain repetitive reproductive cycles within a shorter
timeframe.
Temperature is fundamentally an important environmental parameter that structures
patterns of distribution and growth, and mediates the endocrine processes that regulate
the reproductive physiology of fishes (Wallman & Bennett, 2006; Podrabsky et al., 2008;
Brian et al., 2011; Pankhurst & Munday, 2011). Thus, species that are distributed in
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tropical to subtropical waters may have elevated levels of growth, development and
vitellogenesis associated with warmer temperatures (Babin et al., 2007; Walker, 2007;
Pankhurst & Munday, 2011; Pérez et al., 2011; Baldanzi et al., 2015). Podrabsky et al.
(2008) further suggests there is a narrower temperature range for reproduction than
survival, thus species likely have an optimal range of temperatures providing, in part, a
given distribution. Therefore, breeding phenology may vary with spatial distribution in
response to species specific temperature thresholds along latitudinal gradients. Species
that undergo range extensions may experience varying adaptive shifts in reproductive
traits and associated tradeoffs with other life history parameters under novel selective
conditions (Pincheira-Donoso & Tregenza, 2011). Many of these shifts imply phenotypic
plasticity of reproductive variables that affect the timing and allocation patterns of
energetic resources. This can modify the periodicity of reproductive cycles, and there are
a number of chondrichthyans that demonstrate latitudinal variations in life history
attributes (Parsons, 1993; Lombardi-Carlson et al., 2003; Neer & Thompson, 2005;
Walker, 2007; Frisk, 2010; Macedo et al., 2012). Temperature is considered to act as a
secondary cue to photoperiod for regulating the periodicity of reproductive processes
(Pankhurst & Munday, 2011). Thus, the differences in patterns exhibited between
tropically distributed species (e.g., U. rogersi and U. microphthalmum) and subtropically
distributed U. jamaicensis may have additional regulatory mechanisms that warrant
investigation of endocrine processes to reliably address. Ideally, comparisons with a
southerly distributed population of U. jamaicensis will be performed to test this
hypothesis.
Patterns in vitellogenesis are not only associated with fecundity patterns, but the
timing and length of folliculogenesis to ovulation is the first step in determining the
possible frequency of parturition (Walker, 2007). Obviously, as stated above, concurrent
or semi-delayed vitellogenesis with a rapid completion is necessary for species with
defined seasonal cycles to maintain both the consecutive periodicity of cycles and
reproductive synchrony between sexes. Multiple batches of developing follicles, as noted
for some myliobatiform rays, can provide more opportunities for ovulation, even if the
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complete process requires 12 months or longer, by staggering developing cohorts as
suggested for U. halleri (Babel, 1967). Elevated temperatures may increase the rate of
vitellogenesis (Walker, 2007), but patterns in vitellogenesis may also experience adverse
effects if temperatures fall outside the species specific thresholds and become too high
or too low in comparison with temperature ranges typically encountered. Experiments
with European eel (Anguilla anguilla) maintained at constant high temperatures have
evidenced decreased rates of vitellogenesis in comparison with variable temperatures
that more closely mimicked natural conditions (Pérez et al., 2011). Conversely, low
temperatures have been reported to arrest vitellogenesis in female Atlantic Cod (Gadus
morhua) during first reproduction, resulting in significantly reduced numbers of females
completing sexual maturation (Yoneda & Wright, 2005a).
The timing of vitellogenesis and embryonic development in U. jamaicensis occurred
during periods of increasing (C1) and decreasing (C2) water temperatures, with both
ovulatory cycles fairly synchronized with the minimum and maximum temperatures
recorded. Increased fecundity occurred during the warming trend, whereas the increased
production of follicles was during C2 gestation and followed maximum HSI with reduced
fecundity during declining temperatures.

These observations suggest that

accommodations for gestation during each current cycle (i.e., uterine fecundity) exhibit a
tradeoff with patterns of vitellogenesis for each subsequent cycle. This alternating
pattern in fecundity may be necessary to maintain two complete cycles as both processes
occur simultaneously with conflicting demands for resource allocation. Reproductive
patterns from southern distributions support the summer breeding season, but a second
cycle has yet to be documented as these studies were limited with observations restricted
mostly to summer months (Young, 1993; Spieler et al., 2013). However, evidence of
multiannual cycles for other urotrygonid species from Atlantic and Pacific waters,
suggests similar patterns likely exist for U. jamaicensis in southern distributions (Guzmán
Castellanos, 2006; Perez Flores, 2006; Rubio Lozano, 2009; Mejía-Falla et al., 2012;
Acevedo et al., 2015; Santander‐Neto et al., 2016).
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The role temperature plays in rates of embryonic growth has been observed more
readily for oviparous skates in captivity. Shorter rates of development have been
recorded for Raja eglanteria distributed in warmer southern waters in comparison with
more northern distributions (Luer & Gilbert, 1985). Species from colder waters (i.e., rajids
endemic to the Bering Sea) tend to display extensive periods of development with rates
of several years reported (Ebert, 2005; Hoff, 2008). Furthermore, a number of small
bodied viviparous sharks with tropical distributions have been reported with increased
growth rates and shorter gestation periods than similar sized species with temperate
distributions (White & Dhamardi, 2007; Gutteridge et al., 2013). Among rays, and other
chondrichthyans, gestating females often prefer warmer water temperatures, possibly to
optimize development and reduce gestation rates (Economakis & Lobel, 1998; Wallman
& Bennett, 2006; Mull et al., 2010; Jirik & Lowe, 2012). A captive study with U. jamaicensis
determined reproductive failure with fetal resorption of mid-stage embryos in “cold”
water (22˚ C) trials and successful birth of offspring in “warm” water (27˚ C) trials (Lesniak
et al., 2013, 2015). These results suggest that warmer temperatures may optimize
reproduction in U. jamaicensis, however, fecundity was reduced to a single viable
offspring in 3 of 8 females and gestation rates exceeded 6 months (190 days).
Although U. jamaicensis is distributed in tropical to subtropical waters throughout a
large portion of the Greater Caribbean Basin, this study population is situated near the
northern limit of the species range (Spieler et al., 2013). The bottom temperature of
coastal waters in southeast Florida had a mild seasonal pattern that ranged between 2230˚ C with maximum values during the late summer and early fall (Jul-Oct), which rapidly
declined to minimum values during the winter and early spring (Dec-Mar). Urotrygon
rogersi from the tropical Colombian Pacific coast occupied shallow habitats (< 10 m) with
relatively constant conditions and water temperatures between 25˚ and 29˚ C (Mejía-Falla
et al., 2012). This range is moderately reduced in comparison with the seasonal range in
bottom temperatures observed for U. jamaicensis. Since the periodicity of multiannual
cycles differs between both species, it seems plausible that subtropical conditions may
provide seasonal conditions that entrains synchronized periodicity observed for U.
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jamaicensis, opposed to the apparent “asynchronous” cycle with triannual peaks in
reproduction for U. rogersi.
Many tropical species experience relatively constant environmental parameters (i.e.,
ambient temperature and daylength regimes), thus the environmental regulatory
mechanisms typically associated with endocrine processes may be obscure and
confounded by aseasonal patterns that lack a structured periodicity. The tendency for
asynchronous cycles to occur among deepwater and tropical species that inhabit more
stable environments has been well documented; however smaller sized tropical sharks
with asynchronous cycles have seemingly adhered to annual periodicities (Harry et al.,
2010). Although speculative, it is reasonable that the reproductive strategy of species
with seasonal multiannual cycles emerged from an asynchronous cycle, which originated
in the tropics, with year round breeding and a production of multiple broods during a
single year. Validation of this hypothesis, if possible, will first demand rigorous testing of
the level of reproductive plasticity exhibited among conspecifics, as well as related
species from lower latitudes. A recent study of the whitesnout guitarfish (Rhinobatos
leucorhynchus) from Ecuadorian Pacific waters has reported a year round, asynchronous
reproductive cycle with ca. 5-6 mo. gestation (Romero‐Caicedo & Carrera‐Fernández,
2015). This observation may be supportive of the above premise, based on the typical
strategy of diapause with short development rates reported for most rhinobatids (BlancoParra et al., 2009; Colonello et al., 2011; Waltrick et al., 2012).
In addition to environmental parameters, the size and condition of maternal females
may also potentially influence reproductive periodicity. The allometric relationships
between maternal size and the number and size of offspring produced indicates
additional physiologic parameters associated with time of development which may be
further dependent on temperature and offspring size (Charnov & Gillooly, 2004; Bueno &
López-Urrutia, 2012). Shorter lived species with fast growth rates and small size at
maturity tend to produce smaller sized offspring that will lead to faster rates of
development (or shorter gestation rates). For U. rogersi, larger brood sizes (3 embryos)
were always associated with larger sized females (140+ mm DW); however, the fecundity150

maternal size relationship was inconsistent as larger sized specimens were just as likely
as smaller sized females to produce smaller broods (1-2 embryos). Observations of reef
manta (Manta alfredi) have recorded a biennial or triennial reproductive cycle for
moderate sized females, whereas some larger sized animals appear to be capable of
reproducing more frequently with an annual periodicity (Marshall & Bennett, 2010;
Deakos, 2012). This pattern is reflective of the variation observed between C1 and C2 for
U. jamaicensis where fecundity varies between cycles with patterns of intermittently
smaller brood sizes between more fecund cycles. Regardless that most U. rogersi were
not ready to ovulate after parturition, a more rapid completion of follicular growth might
be possible since fecundity is reduced (1-3) in comparison with U. jamaicensis (1-7).
Reduced brood sizes in general, suggests that inherent space limitations occur as U.
rogersi is noticeably smaller than U. jamaicensis.
The combination of life history traits and environmental conditions has allowed
development of the multiple size and temperature dependent processes evident in U.
jamaicensis, which maintained reduced gestation rates that have been essential for the
formation of a biannual cycle. However, a reproductive mode with lipid histotrophy,
common to all myliobatiforms, has provided the final part of the process responsible for
maintaining fast rates of embryonic development. Lipid histotrophy is a highly efficient
form of extensive matrotrophy and in some small to medium bodied rays can result in the
rapid production (3-6 months) of small to moderately large offspring. Whereas, many
larger bodied rays typically have reduced levels of fecundity and produce larger offspring
that require lengthier periods of gestation (7-18 months). Among placentotrophic sharks,
only two related Hemigaleus species exhibit a potential biannual cycle (Stevens &
McLoughlin, 1991; White, 2007). However both still require additional study to rule out
the possibility of an asynchronous annual cycle. Latitudinal variation was recently
suggested for H. australiensis (Australian weasel shark) with a semi-synchronous annual
cycle reported in southern distributions, with a portion of females reproducing during the
summer and the remaining portion during the winter (Taylor et al., 2016). This periodicity
is similar to the reproductive cycle initially proposed by Babel (1967) for U. halleri, and
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lends support to the suggested biannual cycle of H. australiensis in lower latitudes
(northern tropical distribution) (Stevens & McLoughlin, 1991). There are few other
placental species with reported short gestation rates (5-6 months), but all have either
offset patterns of gametogenesis that requires sperm storage (e.g., S. tiburo, Parsons &
Grier, 1992; Manire et al., 1995) or, in a single case, display embryonic diapause (e.g., R.
taylori, Simpfendorfer, 1992; Waltrick et al., 2014), whereby mating and fertilization
patterns are maintained but embryonic development is delayed.

All remaining

chondrichthyans with proposed multiannual cycles consist of myliobatiform rays with
lipid histotrophy. Furthermore, since these latter placental species exhibit yolk stalk
appendiculae that may increase development rates associated with paraplacental
secretions, the extent of histotrophy displayed by matrotrophic species in general may
have further implications on developmental rates (Hamlett et al., 2005a, b).
Additional anatomical structures that may establish further accommodations for
gestation among urotrygonids are bilaterally functional uteri and the development of
embryonic spiracular flaps. The dispersal of moderately larger brood sizes between
separate uteri should reduce the effects of limited uterine capacity and provide an
increased secretory surface for provisioning histotroph to developing embryos.
Bilaterally functional uteri among other myliobatiform rays are restricted to urotrygonids,
potamotrygonids, gymnurids and three myliobatids (Myliobatis aquila, M. californica and
M. freminvilli) (Bearden, 1959; Daiber & Booth, 1960; Martin & Cailliet, 1988; Teshima &
Takeshita, 1992; Charvet-Almeida et al., 2005; Capapé et al., 2007; Jacobsen et al., 2009;
Mejía-Falla et al., 2012; Yokota et al., 2012; Henderson et al., 2014; Acevedo et al., 2015).
Crowded conditions might play a role in brood reduction among species with a single left
functional uterus i.e., Urolophus lobatus and may have additional consequences on the
evolution of size at birth (White et al., 2001). However, variations reported in brood size
and size at birth between distinct populations of Urolophus paucimaculatus with reduced
fecundity and larger offspring in Western Australia (White & Potter, 2005) and smaller
more numerous offspring in southeastern Australia (Edwards, 1980; Trinnie et al., 2013)
suggests other selective processes are also involved.
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The unique spiracular flap of urotrygonids is a transient embryonic structure and in U.
jamaicensis grows larger with development and is eventually reabsorbed prior to or
shortly after parturition (LaMarca, 1963). The spiracular flap consists of a flexible
cartilaginous process with a tendinous attachment to the dorsal constrictor muscle of the
pharynx (LaMarca, 1963). The morphology of the structure was suggested to assist in
rearranging trophonemata for secretion of histotroph directly into the developing
pharynx. Verification of this specific mechanism will require endoscopic examination, but
the structure of the flap would appear to minimally provide assistance for both
respiration and nourishment by maintaining a less restrictive flow of histotroph and allow
entrance of uterine fluids into the spiracles under the crowded conditions experienced
during later stages of development. These structural attributes may have improved the
capacity for urotrygonids to more rapidly produce larger numbers of smaller offspring,
which has led to the successful establishment and maintenance of a second reproductive
cycle.
The neotropical freshwater stingrays (potamotrygonids) would seemingly be
candidates for multiannual cycles, and this has been observed in captivity for several
species (Thorson et al., 1983). Nonetheless, annual cycles in wild specimens have been
correlated with “wet” and “dry” seasons in accordance with rainfall patterns and the
hydrologic cycle of endemic river basins (Charvet-Almeida et al., 2005). Although
potamotrygonids typically display a resting interval, with gestation ranging from 3-12
months, a second breeding cycle was reported for a small-sized species (Potamotrygon
cf. histrix) that corresponded with drought conditions during an el Niño event that
prolonged the dry season (Araújo et al., 2004). A biannual cycle has similarly been
reported for the southern stingray (D. americana) in captivity (Henningsen, 2000),
whereas wild specimens have a proposed asynchronous annual cycle with a 7-8 month
gestation rate (Ramírez-Mosqueda et al., 2012). Since D. americana is a much larger sized
stingray with moderate levels of fecundity, this variation in reproductive periodicity
suggests that allocation of energy reserves might be limited due to extensive movements
(Rossouw, 1987). The resident D. americana population at stingray city in the Cayman
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Islands, may provide an adequate comparative case study to determine if food
supplementation and reduced movement patterns has any effect on reproductive
periodicity (Semeniuk et al., 2009; Corcoran et al., 2013).
Since multiannual reproduction could potentially involve either a synchronous or an
asynchronous cycle, the transitional gradient between a well-defined (seasonal), a loosely
defined (protracted seasonal) or an undefined (aseasonal) pattern of periodicity may
initially be unclear. Thus, a sufficient level of synchrony among repetitive reproductive
variables is essential to distinguish a reproductive cycle with defined seasonal patterns
from an aseasonal cycle where reproduction is dispersed throughout the year. The
protracted and overlapping nature reported for urotrygonids with valid multiannual
cycles, suggests this gradient exists in the form of a hybridization between seasonal and
aseasonal cycles. This gradient might represent a transitional process between year
round reproduction and the formation of the well-defined seasonally annual reproductive
cycle observed for most species of rays. For species with short gestation rates, the
continued multiannual production of offspring could be maintained under intermediate
conditions between tropical and temperate habitats.

The biannual cycle for U.

jamaicensis would represent a protracted and synchronized cycle, whereas U. rogersi
appears to exhibit a partially synchronized cycle with three asynchronous peaks. Support
from the male spermatogenesis data here for U. jamaicensis has shown that C2 has a
truncated proliferative phase that maintains bimodality during the course of an ongoing
single degenerative phase (see patterns of spermatogenesis). Conversely, male U. halleri
and D. sabina have single, protracted periods of spermatogenesis that are offset with
female ovarian cycles, but could conceivably accommodate a biannual cycle if females
were capable of completing a second ovulatory cycle (Figure 3.74; Table 3.26).
Most viviparous chondrichthyan species with continuous annual cycles display
concurrent vitellogenesis and have longer periods of gestation that last nearly one year;
thus parturition, mating and ovulation remain synchronized. Among myliobatiform rays
with annual cycles, only the fecundity parameters are slightly different as most species
tend to produce few, larger sized offspring that require a longer time to develop. The
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unusual quiescent phase observed for U. halleri and D. sabina and several other smaller
species of stingrays with annual cycles (Babel, 1967; Lewis, 1982; Thorson, 1983; Snelson
et al., 1988, 1989; Johnson & Snelson, 1996; Maruska et al., 1996; Mull et al., 2008, 2010;
Pierce et al., 2009) brings into question the reason why these species exhibit a resting
phase when mature follicles and offspring size are both relatively small and gestation
rates are completed within 6 months or less.
The offset patterns in synchrony between male and female cycles of D. sabina and U.
halleri have not been adequately addressed and until now, has not been recognized as a
potential remnant of a former biannual cycle with continued divergence in male and
female patterns of gametogenesis. As noted earlier, both species demonstrated signs of
previous biannual cycles, thus aberrant follicle development and protracted
spermatogenesis may indicate a transformed cycle that has gradually become less
synchronized between sexes. The direct comparisons with these two rays is fitting, as U.
halleri represents the closest related species within the genus (Bigelow & Schroeder,
1953), whereas D. sabina is an ecological equivalent that replaces U. jamaicensis to the
north and throughout most of the Gulf of Mexico (Snelson et al., 1988; McEachran & de
Carvalho, 2002; Spieler et al., 2013).
Male rays for both these species had similar protracted patterns of spermatogenesis
with peak GSI during October, midway between the two peak periods of GSI (Jul & Jan)
observed for male U. jamaicensis (Figure 3.74). Even though both species have short rates
of gestation with development to term lasting only 3-4 months, they each displayed
lengthy periods of sperm production that are not in synchrony with female patterns of
folliculogenesis; there was only minimal overlap in sperm availability observed for each
brief ovulatory period. Since both species display “well-defined” cycles, then why has the
timing and duration of spermatogenesis developed with a pattern that is not only
energetically inefficient, but only marginally maintains synchrony with the female cycle?
The possibility of a second remnant ovulatory cycle was evident from the proposed
asynchronous cycle for U. halleri during December (Babel, 1967) and for D. sabina with
an ovulatory surge that fails to develop during July. Both patterns establish a second
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ovulatory cycle that would likely be completed between October and December, and
provides a reasonable explanation for the offset patterns of sperm production. The
patterns suggested here, would in theory, be capable of accommodating a second
ovulatory cycle that previously occurred during the initial periods of spermiation (U.
halleri - Nov/Dec and D. sabina - Sep/Oct), and encompassed peak male GSI. However,
for U. halleri there are conflicting reports of a well-defined annual cycle vs. two
asynchronized but annual cycles for females (Babel, 1967; Mull et al., 2008, 2010),
whereas D. sabina exhibits a 7-month protracted mating period with a well-defined
annual cycle (Maruska et al., 1996). Maruska et al. (1996) presented several hypotheses
to explain the lengthy protracted mating period (see below for further details). Both
species had similar patterns of spermatogenesis, but protracted mating of U. halleri has
not been recorded. Babel (1967) briefly mentioned that there were indications of mating
during September, however, this would require ca. 3 months of female sperm storage to
accommodate the proposed second ovulatory cycle during December. Whereas, the
protracted mating period of D. sabina was initiated during the estimated time when the
second vitellogenic surge (second peak during July) would likely have matured and
ovulated (Snelson et al., 1988; Maruska et al., 1996). The atypical cycles of both species
appears to represent former biannual cycles that have gradually transitioned to defined
annual cycles with the loss or potentially occasional occurrence (U. halleri) of a second
reproductive cycle.
In southern California, Babel (1967) suggested that female U. halleri displayed
discordant ovulatory cycles with a small subset of females, 6-months out of phase with
the remaining population. The primary ovulatory cycle was observed during June,
whereas the apparent second, smaller, peak was based solely on an increased frequency
of “enlarged ova” during December. In essence this asynchronous, annual reproductive
cycle resembles a compressed biennial cycle, opposed to the continuous and repetitive
biannual reproductive cycle observed for female U. jamaicensis. If female U. jamaicensis
resembled this pattern with two discrete breeding populations, then a considerable
portion of mature females would have remained non-reproductive for an extended
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period of time while completing vitellogenesis. However, the opposite was observed, as
all female U. jamaicensis were essentially pregnant throughout their adult lives with only
brief intervals between each brood to complete vitellogenesis in preparation for the
subsequent cycle. The proposed second ovulatory cycle of U. halleri has not been
recorded during more recent studies (Mull et al., 2008, 2010; Jirik & Lowe, 2012).
However, since adult females remained segregated offshore for a large portion of the
year, these studies conducted nearshore lacked sampling from deeper habitats to
adequately verify the reproductive status of females throughout the year. Observations
from more southerly distributions is limited, but U. halleri in the Gulf of California have
been reported to recruit during the “summer” months (Azpeitia et al., 2011), and breed
during March (Nordell, 1994) and “winter” months (Tricas et al., 1995). However, the lack
of verified sperm storage by female myliobatiform rays, coupled with the earlier timing
in mating and parturition implies a likely variation in reproductive periodicity with the
potential for a biannual cycle.
These varied reports for U. halleri offer an interesting comparison on the potential for
phenotypic plasticity in the periodicity of reproductive cycles (Mull et al., 2010).
Unfortunately, Babel (1967) did not report the LFD and size of individuals during the
December peak.

Thus, it remains uncertain if only larger sized females were

reproductively active and capable of producing a second brood during the proposed
second cycle. Mull et al. (2010) discussed the potential for a biannual cycle vs. an
asynchronous annual cycle, suggesting a second cycle for large females might only occur
during years with warmer water temperatures or during productive years with increased
prey resources. Regardless of an unconfirmed second ovulatory cycle, Babel (1967)
identified two defined periods when neonates were collected nearshore, with a 6-month
interval between peaks in occurrence. The first and more extensive peak associated with
the primary cycle occurred during October, whereas the second peak, that supports the
proposed second cycle, was observed during March. However, sampling effort was
doubled during the autumn months (September-November) in comparison with late
winter-spring months (February-April); 14 of the total 20 autumn seines were conducted
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during October, when the majority of neonates were collected. Of the 172 neonates he
collected, only 28 were sampled during the spring months, which may imply biannual
reproduction with either reduced fecundity in general or that breeding is limited to larger
size classes that have sufficient energy reserves to accommodate a second cycle.
However, due to unequal sampling effort, and the potential for onshore or northern
migrations of pregnant females, the apparent seasonal differences in fecundity, based on
neonate abundance may be unrealistic. Nonetheless, if an asynchronous cycle did
previously occur, then fecundity and size of females would be expected to resemble the
patterns observed during the primary cycle. Since limited data was only presented for
pregnant females during September, there is currently no information available to
indicate any seasonal difference in fecundity as observed for U. jamaicensis.
Apparently, the primary ovulatory cycle for U. halleri occurs at the end of the male
degenerative phase when testes are completely regressed. This would likely require a
period of male sperm storage in the seminal vesicles, as peak male GSI occurred during
the primary parturition period (Sep-Oct) when the larger peak in neonates was observed
just prior to the potential second ovulatory cycle. Mull et al. (2008) remarked that sperm
“packets” were no longer observed in seminal vesicles after the mating season was
completed (July/Aug) but did not clarify if sperm was present and disaggregated or
entirely absent from seminal vesicles all together. However, judging from spermiation
patterns (shedding of sperm from testes) reported by Babel (1967) and the quiescent
phase reported by Mull et al. (2008) it seems likely that sperm is completely absent during
this time period. Spermiation was observed from November to May (possibly into June),
thus onset of “new” sperm availability (recorded as the percentage of males actively
shedding sperm) occurred after the October peak in GSI, beginning in November (1%),
peaking during February (38%) and ending during May (1%) (Babel, 1967). Thus, peak
sperm production by males (Jan-Mar) occurred roughly midway between the recorded
ovulatory cycle and the timing of the proposed second cycle, with testicular
recrudescence beginning immediately after the June ovulatory period. Examination of
the seminal vesicles in more detail would be beneficial to determine the extent of the
158

proposed sperm storage in males. Although Babel (1967) proposed sperm storage was
likely for both male and female U. halleri to accommodate the second reproductive cycle,
the onset of both spermatogenesis in June and spermiation in November would appear
sufficient to provide a limited amount of sperm for mating to occur during December and
accommodate a second ovulatory cycle. In regards to OG structure, long-term sperm
storage by females is unlikely (see Chapter 5), but requires further study, whereas male
sperm storage could lengthen the potential for prolonged mating activities in addition to
a protracted period of spermatogenesis to compensate for asynchrony between sexes.
The population of U. halleri in southern California exhibits seasonal sex segregation
with most females distributed offshore for a large part of the year (Babel, 1967; Talent,
1985; Hoisington & Lowe, 2005).

The temperate conditions, with surface water

temperatures ranging from 10-20˚ C, were cooler offshore during the summer months
(Jun-Sep) by several degrees, but noticeably colder nearshore during the winter months
(Dec-Feb) (Babel, 1967). Furthermore, there was little difference between depth and
surface temperatures offshore during winter months, thus female condition and
reproductive status requires re-examination in offshore waters during this period.
Regardless, year round water temperature was considerably cooler than those reported
for U. rogersi in Colombia and U. jamaicensis in South Florida, with localized conditions
associated with either effluent discharge or shallow estuaries (during summer months)
exceeding 24˚ C (Vaudo & Lowe, 2006; Jirik & Lowe, 2012). The more consistent
temperature and daylight regime in Colombia and the gradual, moderate seasonal
patterns in South Florida with tropical and subtropical climates have likely been
instrumental in the multiannual cycles in U. rogersi and U. jamaicensis, whereas the
temperate conditions experienced by U. halleri in California may have produced an annual
cycle with a well-defined season. The debate over a biannual cycle (standard or
facultatively intermittent), two asynchronous annual cycles or a single annual cycle in U.
halleri will require further study to clarify.
Likewise, for D. sabina the protracted period of spermatogenesis and mating
coincides initially with peak GSI, yet ovulation does not occur for another 6 months. Thus,
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ovulation occurs well after the cessation of sperm production, but while sperm is still
available in the seminal vesicles. Male testes were active from August with a rapid onset
of advanced spermatocysts observed through peak GSI during October. The degenerative
phase followed peak GSI with declining numbers of spermatocysts through April and then
entered into the quiescent phase (SI and SII only) from March through July (Lewis, 1982;
Maruska et al., 1996; Piercy et al., 2003). Female rays completed a single “true” ovulatory
cycle with the growth phase occurring from late-September/November to a well-defined
and brief window of ovulation during April/early May. Whereas, the onset of a second
vitellogenic surge was recorded for pregnant females during May with peak LFD during
July/August. However, this surge fails to complete and follicles were likely removed by
atresia, resulting in an annual cycle and a lengthy interbrood interval (Lewis, 1982;
Johnson & Snelson, 1996). The patterns of spermatogenesis, mating, ovulation, and the
second ovulatory surge have been reported for several distinct populations of D. sabina
from the Gulf coast, Atlantic coast estuaries and obligate freshwater populations of
central Florida (Lewis, 1982; Snelson et al., 1988, 1989; Johnson & Snelson, 1996; Maruska
et al., 1996).
The protracted mating of D. sabina occurred from October to March (likely into April),
and was considered a novel 7-month pattern of mating activity with several hypotheses
proposed: 1.) female reproductive induction, 2.) female sperm storage, 3.) embryonic
diapause, 4.) potential for sperm competition (post-copulatory sexual selection), or 5.)
early mating activity is merely a consequence of males with elevated androgen levels
following peak GSI and female availability (Maruska et al., 1996). Maruska et al. (1996)
considered the most feasible explanation of protracted mating was female induction of
steroidogenesis, oocyte growth, ovulation or other potential reproductive parameters, as
there was no evidence of embryonic diapause and the continued presence of sperm in
the reproductive tract appeared to be the result of recent inseminations. Lewis (1982)
originally proposed the protracted mating of D. sabina possibly involved either
continuous mating with short periods of “uterine” sperm storage or two peaks in mating
during October and April with longer term sperm storage during the interim. Females
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contained sperm in utero from October to April and this lengthy uterine occurrence was
considered a novel site of sperm storage, however the viability of uterine sperm remains
uncertain and continued mating prior to ovulation likely indicates that sperm from recent
inseminations rather than stored sperm fertilizes all ova (Lewis, 1982; Maruska et al.,
1996).
The estuarine population of D. sabina from the Florida east coast, experiences the
same daylength parameters as U. jamaicensis (max of ca. 13.9 h during June and min of
ca. 10.5 h during December); whereas the temperature range for D. sabina in the shallow
lagoon waters was more extensive (max of ca. 30-35˚ C during July and min of ca. 15˚ C
during January) than coastal waters further south (Snelson et al., 1988; Tricas et al., 2000).
Snelson et al. (1988) noted that D. sabina often remained on shallow shoals that exceeded
30˚ C during the summer months and this might produce a thermal strain on vitellogenesis
and steroidogenic processes. The persistent elevated temperatures might explain in part
the failure of the second ovulatory surge to complete development following parturition,
however further analyses with endocrine parameters and patterns in vitellogenesis are
required to test this hypothesis. The onset and timing of mating corresponded with the
proposed “failed” second ovulatory cycle during October/November (estimated from LFD
during the July surge and follicle growth trajectory). This pattern provides a 6-month
interval between ovulation during April and October, thus the loss of a second cycle
provides a reasonable alternative to the hypotheses postulated by Maruska et al. (1996)
to explain both the protracted mating strategy of D. sabina and the offset patterns in
gametogenesis. Since D. sabina is the most studied myliobatiform ray and quite prevalent
in aquarium collections, it seems remarkable that there are no published studies to
indicate if a biannual cycle has been observed in captive maintained populations.
However, the southern counterpart for D. sabina is considered to be D. guttata, which is
distributed in warmer habitats of Central and South America, and appears to reproduce
year round and have a biannual cycle (Thorson, 1983; Yokota & Lessa, 2006, 2007;
Palmeira, 2012).
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The reproductive patterns for both U. halleri and D. sabina indicate that insemination
leading to fertilization during the “primary” cycle occurs after the production of sperm
has ceased (testes regressed and quiescent) with each species narrowly achieving
fertilization while aggregated sperm remained available in male seminal vesicles.
Whereas, the proposed second ovulatory cycle would occur during the onset of
spermiation, when spermatogenesis for both species is still highly proliferative and within
close proximity to peak GSI. Peak sperm production of male D. sabina, occurred from
July/August through January with sperm residing in genital ducts from September
through April (Lewis, 1982; Maruska et al., 1996), whereas U. halleri peak sperm
production occurred from December through March and was continuously available
through June (Babel, 1967; Mull et al., 2008). Since, male U. jamaicensis displayed two
peaks in spermatogenesis; synchrony was achieved with both female ovulatory cycles
with reduced levels of gametogenesis recorded for both sexes during the second
reproductive cycle (C2).
The pattern for U. halleri may be one in which the loss of the second cycle is underway
with evidence of latitudinal variation in periodicity; whereas D. sabina presents clear
evidence of a single annual cycle with a failed second ovarian cycle. Interestingly, the
sympatric congener D. say, has a lengthy period of embryonic diapause (9-10 months),
followed by a very brief period of active development (2-3 months) (Snelson et al., 1989;
Morris, 1999).

Both sexes displayed highly synchronized and rapid patterns in

gametogenesis with male GSI and female LFD each peaking during May, coinciding with
peak periods observed for mating and ovulation that occurred during April-June.
Diapause was maintained through February with active embryonic development initiated
during March and parturition occurring between April-May. The onset of vitellogenesis
was concurrent with active development, thus a highly synchronized annual cycle was
maintained. Diapause has only been confirmed with histology for D. say (Morris, 1999)
and the placental Australian sharpnose shark (R. taylori) (Simpfendorfer, 1992), but has
been considered likely for a number of other batoids (Waltrick et al., 2012). Particularly,
the yolksac viviparous rhinobatids (guitarfishes) and several urolophid stingarees of the
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genus Trygonoptera that have extended periods of uterine eggs with active development
typically between 5-6 months in duration. Diapause among these species has generally
been considered to delay development in order to time parturition with more appropriate
conditions for offspring survival (i.e., warmer seasons) (Waltrick et al., 2012).
Nonetheless, diapause may also offer an alternative strategy for matrotrophic species
that exhibit rapid embryonic development to maintain an annual cycle in environments
that are no longer suitable for biannual cycles. Furthermore, since oviducal gland
structure of myliobatiform rays is less developed and sperm storage has not been
reported, diapause may have evolved to compensate for novel issues with fertilization
patterns and the timing of parturition.
3.4 Conclusions
During the current study, sampling of U. jamaicensis was conducted throughout the
entire reef system of Broward County, Florida. Specimens were collected monthly over
several years and at varying depths, which limited the disadvantages of seasonally
sampling within restricted habitats that are common with many fishery dependent
studies (Yokota & Lessa, 2006). The collection of specimens from smaller size classes is
still necessary to improve maturity ogives, however, recent investigations of the
expansive nearshore ridge complex has identified the presence of sub-adult rays for
targeting future sampling efforts. During this study, male specimens were mature with
rigid claspers of 40 mm in length, however, criteria for developing immature males may
still need to incorporate histology of the genital ducts or sperm viability analyses of
seminal fluids to verify a mature condition. For female rays, the use of multiple maturity
criteria indices with histological validation was suggested, however, maternity ogives may
still be more appropriate for handling individual variations in behavioral maturity
patterns. Regardless, the substantial differences between maturity and maternity ogives
suggests that female rays become reproductively active at larger sizes than males.
Although both sexes may initially have similar growth rates, the apparent earlier
behavioral maturity of males is likely associated with a highly competitive mating system
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and ultimately the smaller maximum size (and likely decreased maximum age) achieved
by males in comparison with female rays.
The population of U. jamaicensis in southeast Florida was reproductively active
throughout the year, however both male and female stingrays have biannual
reproductive cycles with consistent bimodal patterns measured for nearly all
reproductive parameters. This is the first study to document a seasonal biannual cycle
for any elasmobranch, as well as, sexual synchrony with a protracted and overlapping
periodicity of both reproductive cycles. The Gonadosomatic Index (GSI) was more
conclusive for males with biannual peaks occurring 1-2 months in advance of both female
GSI peaks. However, biannual periodicity of females was improved with monitoring of
the Largest Follicle Diameter (LFD), with both peaks more apparent among
nonreproductive (NR) females with ovulatory sized vitellogenic follicles. The 1 st peak in
mean monthly GSI for both sexes and LFD for females was substantially larger during C1
than the 2nd peak recorded during C2. The Hepatosomatic Index (HSI) of both male and
female rays was apparently influenced by seasonal water temperatures with a probable
shift in the allocation of energetic investments between metabolic processes (growth and
maintenance) and reproduction, and the significant differences in gametogenesis
between reproductive cycles. Male HSI had a distinct annual cycle that peaked during
October with maximum water temperatures, whereas female HSI was variable with
monthly patterns seemingly influenced by differences in reproductive status among
females. A more consistent pattern in female HSI was evident with analyses based on
Uterine (U) stage, and the HSI values for separate reproductive cycles appeared reciprocal
to patterns in U-stage for both GSI and LFD. However, the significant differences in
fecundity between both reproductive cycles will need to be accounted for in order to
perform appropriate correlation analyses between these parameters.
The synchronized biannual patterns of male GSI and spermatogenesis for U.
jamaicensis have not been reported for any other chondrichthyan. The bimodal peaks
(Jan and Jul) preceded ovulation by 1-2 months, and the larger peak during January was
associated with increased sperm production during C1. Likewise, bimodal peaks in
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seminal vesicle relative diameter (SVDrel) (Feb-Mar and Jul-Aug) indicated that increased
sperm availability corresponded with both peaks in female GSI and LFD. Although female
parameters are normally used to describe the reproductive cycles of chondrichthyans,
patterns of male spermatogenesis may play an important role in determining the
reproductive strategies and periodicity of cycles. In general, male chondrichthyans either
have aseasonal cycles and are capable of breeding year round, or have seasonal cycles
with defined annual breeding patterns. Sperm production in species with aseasonal
cycles is consistently low throughout the year with continuously reduced GSI, whereas
those with seasonal cycles tend to have distinct periods of intense spermatogenic effort
and considerably higher GSI.
The bimodal patterns of U. jamaicensis spermatogenesis and sperm storage in the
seminal vesicles are unique traits that have successfully maintained synchrony with the
seasonally defined biannual cycle of female rays.

However, some species of

elasmobranchs with shorter gestation rates (9 months or less) have non-continuous,
seasonal reproductive cycles and must use one of several alternatives to maintain
reproductive synchrony: 1.) display a resting period between parturition and mating
(synchrony is maintained with ovulation); 2.) female sperm storage (mating and
insemination are synchronized with parturition, but fertilization is delayed); or 3.)
diapause (fertilization occurs during the mating period and is synchronized with
parturition, but embryonic development is delayed). Thus, regardless of reproductive
periodicity (i.e., annual, biennial, or triennial cycles), males typically have an annual cycle
of spermatogenesis that is timed with either parturition or ovulation to accommodate the
seasonal reproductive cycles of females.
Among myliobatiform rays, the apparent lack of long-term sperm storage in females
precludes the uncoupling of reproductive processes, thus mating and fertilization must
remain synchronized with ovulation. However, the two alternative strategies employed
by rays that have annual cycles and brief periods of embryonic development, appear to
have developed as a consequence of the loss of a former biannual cycle. During this study,
both of these strategies have been reinterpreted as different outcomes of selective
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processes to maintain the synchrony of annual cycles by timing mating either with
parturition, or solely with ovulation. In species described with a resting stage and short
gestation, gametogenesis is considerably offset with peak male GSI occurring 6-8 months
in advance of ovulation. Reproductive synchrony has seemingly relied on lengthy periods
of spermatogenesis and sperm availability, which has barely maintained patterns in
mating and fertilization with the ovulatory cycle. Embryonic diapause has also been
suggested for a number of rays to maintain breeding patterns, but to delay development
so parturition can occur during conditions more favorable for offspring survival and
growth. Thus mating is timed with parturition and the period of diapause replaces a
resting stage, however, the subsequent reduced period of active embryonic development
resembles a short gestation rate. These strategies appear to have resulted from a
combination of radiation into regions with temperate conditions, and structural
limitations of the oviducal gland (OG) for sperm storage.
The testicular structure (compound testis) and patterns of spermatogenesis in U.
jamaicensis were similar in general to other batoids, however, several revisions of
spermatocyst staging were made.

Furthermore, several novel descriptions of

intratesticular and extratesticular microanatomy and degenerative processes were
reported. The biannual cycle of U. jamaicensis completed two spermatogenic episodes
with bimodal patterns of regression and recrudescence that corresponded with male GSI.
Thus, both reproductive cycles were characterized by individual periods of proliferative
and degenerative processes with overlapping transitional periods.

However,

spermatogenesis lacked a definitive quiescent phase, and portions of the testicular
lobules

remained

continuously

active

throughout

the

year.

Nonetheless,

spermatogenesis was disrupted during each reproductive cycle, during which a gradual
but incomplete removal of sequential stages occurred.
The main differences in spermatogenesis were the bimodal periods of increased basal
proliferation, and the degenerative processes that resulted from either the cessation of
spermatocyst development or spermiation. The total number of spermatocysts were
considerably more abundant during the longer proliferative phase (Oct-Jan), which
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corresponded with the increased fecundity patterns of females during C1.

Peak

degenerative traits occurred during both periods of minimal GSI (C1: Apr-May and C2:
Sep), and were characterized by the increased prevalence of multi-nucleated cells (MNC)
and the synchronized development of a partial degenerative zone (DZ). Degenerative
processes resulted in a partial to complete loss of advanced, pre-meiotic spermatocysts
(SIIb) during the months of each meiotic block (Mar-Jun and Aug-Oct), and were each
subsequently followed by waves of removal and recovery of sequential spermatogenic
stages. The DZ was formed by interconnected columns of collapsed spermatocysts that
gradually extended through the meiotic and post-meiotic zones, and eventually
converged with the terminal zone (TZ). The TZ represented the second degenerative
category or terminal stage and was formed by the post-spermiation collapse of evacuated
spermatocysts in the periphery of testicular lobules. The remnant spermatocysts of both
the DZ and TZ uniquely underwent a secondary differentiation and hypertrophy of Sertoli
cells, and the resulting glandular structures were indistinguishable in morphology.
The secondary differentiation of Sertoli cells from terminal stage spermatocysts were
considered to likely represent transient steroidogenic tissues as the Sertoli cell is the
primary steroidogenic cell in the chondrichthyan testes (Engel & Callard, 2005).
Furthermore, the secondary differentiation of Sertoli cells seemingly within the
intercystic spaces may represent primordial Leydig or “interstitial” cells, however it is
uncertain if the formation of these structures is solely derived from Sertoli cells or
intratesticular duct (ITD) cells. The bipotential differentiation of pre-Sertoli cells of
chondrichthyans with the formation of either functional Sertoli cells or ITD cells has been
hypothesized to represent the structural anlage of more advanced lobular or tubular
testis types with a permanent germinal compartment and interstitial tissues (Grier, 1993).
In U. jamaicensis, the continued interconnectivity between cords of duct cells forming the
incipient ITD system and cohorts of primordial spermatocysts, was supportive of a
transitional pattern of testicular structural organization.

Likewise, secondarily

differentiated Sertoli cells were embedded and interspersed between duct cells and
evacuated spermatocysts throughout the peripheral ITD and collecting duct epithelia.
167

The continual replacement of somatic elements with multipotential differentiation during
spermatogenesis appeared integral in the temporary formation of collecting ducts.
However, the patency of duct lumina was either lost or diminished during peak
degenerative processes, which led to the accumulation of differentiated cells and
spermiated masses within the TZ-epigonal tissue interface between adjacent lobules.
The biannual cycle of spermatogenesis in U. jamaicensis corresponded with seasonal
patterns of genital duct structure, sperm density and linear sperm aggregate formation.
The epithelia, luminal diameter, and extent of stromal tissue development of male genital
ducts was dramatically modified throughout both reproductive cycles.

Increased

structural complexity and segmentation of the epididymis was identified, however,
ultrastructural investigations are necessary to verify the extent of different cell types
present in the epithelium of the epididymis. A comprehensive comparative analysis of
genital duct morphology of male chondrichthyans with consistent terminology is needed
to update the limited information available and identify structural variation among
diverse taxa. During the current study, the density, spatial arrangement, and distribution
of spermatozoa was characterized throughout the genital ducts of U. jamaicensis.
Seasonal patterns of sperm density occurred with considerable distension of the
intermediate epididymis, and consecutive periods of aggregation and disaggregation of
sperm bundles. Several forms of luminal elements were described in the surrounding
seminal matrix, and their abundance varied in accordance with sperm densities. Luminal
elements were similar to previous studies, however, the occurrence of nucleated Sertoli
cell remnants throughout all regions of the genital ducts was profound and apparently
resulted from the apical sloughing of Sertoli cells during spermiation. The persistent
occurrence of these Sertoli cell remnants suggests the potential for continued
steroidogenic functions within the lumina of genital ducts that will require ultrastructural
and biochemical investigations to verify.
Among females, periodicity of the biannual cycle was clearly defined by the combined
patterns of follicle growth, ovulation, embryonic development, and parturition. The
ovulatory cycle was characterized by bimodal patterns of follicle development in both the
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monthly mean and daily scatterplots of LFD, and with corresponding observations of postovulatory (U4) females from January through April (C1), and from July through October
(C2). Likewise, two overlapping periods of embryonic development occurred from
January through September (C1), and from August through February (C2). Thus, each
reproductive cycle involved a 2-month period of overlap, whereby uterine ova and early
stage embryos at the onset of one cycle occurred simultaneously with near-term and term
stage embryos from the previous cycle. Although actively gestating females were
recorded during all months of the year, peaks in both ovulation and parturition occurred
at six month intervals with two discrete and sequential periods of embryonic
development. The timing of these reproductive parameters satisfied all the following
criteria necessary for a biannual cycle. Firstly, the estimated 5-month gestation provided
sufficient time to complete two cycles in a single year, and to have an additional buffer
for recovery and to complete vitellogenesis for the subsequent ovulatory cycle. Secondly,
the limited occurrence of NR females (30 of 193 mature females) suggested a brief
interbrood interval with nearly uninterrupted periods of gestation and a rapid transition
between cycles. Lastly, simultaneous vitellogenesis ensured that all pregnant females
were ready to ovulate immediately or shortly after parturition of the previous cycle.
Additional support of a biannual cycle was provided by significant differences
between fecundity and lateralization of uterine function during each reproductive cycle.
Fecundity relationships are commonly reported among myliobatiforms, however,
definitive relationships are often difficult to achieve as spontaneous abortion from
capture induced stress is prevalent (White et al., 2001, 2002; White & Potter, 2005; Ebert
& Cowley, 2009; Trinnie et al., 2009, 2012).

However, during this study the live

maintenance and use of handnets to capture individual rays eliminated the issues of
brood retention and fecundity estimates reported by these other studies. Thus, accurate
measurements of total uterine fecundity (or brood size) were recorded for U. jamaicensis
and the distribution of offspring between bilaterally functional uteri was also preserved.
Fecundity was significantly larger during C1, and brood sizes also increased considerably
with increasing maternal size classes. Likewise, linear relationships were significantly
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positive between maternal size and brood size, and the fitted regressions were improved
with increased fecundity during C1. However, increased fecundity during C1 required a
longer process of vitellogenesis, and the initial follicles to mature (ca. 1-2) were typically
more advanced in development than the remaining follicles of the same cohort. This
process suggests that vitellogenesis of the entire cohort is completed after the onset of
ovulation, whereas vitellogenic follicles were depleted rapidly during C2.
The multiple batches of developing follicles recorded for U. jamaicensis, appeared to
provide a continuous but limited supply of ova for sequential ovulation that was likely
necessary to provide increased fecundity during C1. However, following cessation of the
ovulatory period, LFD remained transiently elevated through early gestation and
concealed the initial recruitment of follicles into the growing pool for the subsequent
cycle. The analysis of all grossly discernible ovarian follicles with total counts and
measurements is required to track multiple cohorts from the onset of vitellogenesis to
the completion of ovulation. Additionally, a detailed histological and ultrastructural
examination of the ovarian tissues of U. jamaicensis is still necessary to address the
dynamic patterns of folliculogenesis and luteinization of pre- or post-ovulatory follicles
during both reproductive cycles. Although unovulated follicles are eventually removed
by atresia, the prolonged duration of enlarged follicles may provide a distinguishing trait
for identifying species with asynchronous multiannual cycles that warrants further
investigation.
The size of offspring was similar between both reproductive cycles with slightly larger
DW, and significantly higher TW during C2 than C1. However, to adjust for significant
maternal effects on brood size, the comparisons of offspring size between both maternal
size and fecundity for each reproductive cycle required the use of mean relative
proportions for DW and TW of term stage embryos. Significant, negative relationships for
all comparisons indicated that tradeoffs between offspring size and number have a
complex association with additional maternal effects on brood size. In general, larger
females either produced more offspring of smaller relative sizes during C1, or produced
less offspring of larger relative sizes during C2. However, some intermediate sized
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females (size classes 5 and 6) appeared to have equally distributed brood sizes (2-3
offspring) between both cycles. The alternating patterns in ovarian and uterine fecundity
during the biannual cycle are likely a consequence of simultaneous vitellogenesis with
conflicting demands for resource allocation. Since size at birth varies proportionally
between cycles, determining age and growth rates for U. jamaicensis born at different
times of the year may prove difficult in distinguishing the birth band between summer
born and winter born individuals during vertebral analyses (Neer et al., 2005; Harry et al.,
2010; Hall et al., 2012). Additionally, when embryos were disproportionately distributed
between uteri of individual females, offspring size in the uterus containing more embryos
was noticeably smaller than the contralateral side in most cases. Lateralized distribution
of embryos between functional uteri indicated a predominant use of the left uterus during
both cycles with an increasing use of the right uterus during C1 and increased fecundity
among larger size classes. Fecundity was significantly higher in the left uterus during
paired comparisons, but was typically the only side used by smaller sized females with
reduced fecundity. During C2, fecundity was significantly decreased and the right uterus
was rarely used, regardless of size class.
The extensive bycatch of urotrygonid rays reported in fisheries from lower latitudes
raises concerns about repetitive impacts on brood retention that have not been
previously considered (Téllez et al., 2006; Grijalba-Bendeck, 2007a, 2008; Acero et al.,
2008; Mejía-Falla et al., 2012; Acevedo et al., 2015; Santander-Neto et al., 2016). Since
rays are viviparous with limited fecundity, frequent brood losses of short-lived species
may have dramatic and long lasting effects on recruitment rates.

Since sighting

frequencies of U. jamaicensis have declined throughout most of the species range, the
stable population and lack of fishery and bycatch impacts in southeast Florida may
provide an excellent opportunity to compare management concerns with populations
from lower latitudes. Urobatis jamaicensis appears to form several disjunct populations,
with the study population in southeast Florida distributed near the northern limit of the
species range.

Comparisons of the reproductive parameters and periodicity of

populations from southern distributions is needed to assess reproductive isolation and
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determine any differences with varying latitudinal gradients. The reproductive periodicity
among urotrygonids suggests that the partially defined biannual cycle of U. jamaicensis
represents an intermediate pattern that has gradually shifted from an aseasonally
multiannual cycle in tropical climates, to a seasonally well-defined, annual cycle in higher
latitudes with temperate conditions (Babel, 1967; Mull et al., 2008, 2010; Mejía-Falla et
al., 2012; Acevedo et al., 2015; Santander-Neto et al., 2016).
The diverse reproductive strategies displayed by myliobatiform rays demands a more
thorough comparative analysis of the histotrophic mode of reproduction to assist in
developing improved phylogenetic interrelationships within the order and throughout
the Batoidea in general. Batoid phylogeny remains poorly understood and recognition of
patterns in reproductive modes may help establish a better understanding of these
interrelationships (Aschliman et al., 2012). The basal position of rhinobatids with yolksac
viviparity and “diapause” emphasizes the need to perform a more comprehensive
comparison between reproductive modes of batoids that includes the anatomy of
reproductive structures to assist in constructing morphological and molecular
phylogenies. Among myliobatiform rays, a more thorough assessment of reproductive
anatomy that emphasizes glandular activity of uterine trophonemata, histotroph content
and oviducal gland structure is needed to further realize the evolutionary significance of
varying strategies between closely related species.

The proposed formation of a

seasonally biannual cycle offers a novel approach to combine life history patterns with
anatomy to incorporate a “form follows function” approach in regards to variations in
reproductive strategies. The specific variations in oviducal gland structure and function,
and the assortment of strategies evident to maintain reproductive synchrony during the
development of seasonal cycles, may help clarify some of the gaps that exist in the
phylogenetic patterns of reproductive modes. Dulvy & Reynolds (1997) presented an
analysis on evolutionary transitions between reproductive modes with numerous
presumed conditions based on contemporary phylogenetic trends that assume oviparity
as the plesiomorphic condition. Musick & Ellis (2005) and Musick (2010) have more
recently proposed that yolksac viviparity may represent the plesiomorphic state and the
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patterns and degree of histotrophy may provide further insight to the reproductive
ecology and evolution of chondrichthyans.
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Chapter 4
Morphogenesis of the endometrium and trophonemata during the
biannual reproductive cycle of the yellow stingray, Urobatis jamaicensis
4.1 Introduction
The genital tracts of female chondrichthyans typically consist of paired oviducts that
communicate with the abdominal cavity by either a single common ostium or paired ostia.
Anteriorly, the oviduct originates as a thin uterine tube (anterior oviduct), progresses
distally to a dilated expanse that forms the oviducal gland (OG), and then terminates
posteriorly as an enlarged uterus. Some species have an isthmus, which represents a
narrow distal segment of oviduct situated between the OG and uterus, whereas others
have a more direct continuation of the OG into the uterus proper (Hamlett & Koob, 1998;
Storrie et al., 2009). Viviparous species, generally have a duplex uterine type with paired
and completely separate uteri each transitioning distally into a large muscular sphincter,
the genital papilla or cervix. The cervical region communicates with a common urogenital
sinus through either a separate or common vaginal chamber and terminates within the
cloaca (Stanley, 1963; Wourms, 1977; Baranes & Wendling, 1981; Hamlett & Koob, 1998;
Lombardi, 1998). Among oviparous species the muscularis increases distally and in some
species (e.g., Leucoraja erinacea) the uterus narrows, forming a cervix-like structure
(Koob et al., 1983; Callard & Koob, 1993; Koob & Hamlett, 1998; Callard et al., 2005).
The vast majority of studies have been performed on placental sharks, with efforts
primarily focused on the utero-placental complex, and with limited descriptions of the
paraplacental epithelium or structure of the compartmental walls (Baranes & Wendling,
1981; Otake, 1990; Hamlett et al., 1993, 2005b; Storrie et al., 2009). Likewise, studies
reporting uterine structure for other modes of reproduction have only examined
relatively few species in detail (Table 4.1).

All chondrichthyans have uterine

specializations that form highly vascularized mucosal projections (e.g., uterine folds or
villous extensions) and function primarily as sites of gas exchange with little evidence of
secretory activity. However, an increasing number of studies have indicated that the
secretory patterns of uterine fluids (histotroph) are widespread among viviparous species
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and may play a more important role among species with reproductive modes that were
previously not classified as histotrophic (Castro et al., 2016; Sato et al., 2016). Thus
histotrophy appears to be the basal form of matrotrophy (supplemental extravitelline
nutrients are supplied by the maternal organism during gestation) among viviparous
elasmobranchs (Blackburn, 2015; Blackburn & Starck, 2015).
Mossman (1937) originally described and later revised (Mossman, 1987) the definition
of histotroph as "any nutritive material, including glandular secretions, cells, and cell
debris that is available to the embryo or fetus and is derived directly from maternal tissues
other than blood". Thus, histotrophy primarily represents the “biosynthetic activity of
the uterine endometrium” (Cooke et al., 2013), and is clearly distinguished from
hemotrophy (i.e., nourishment derived from the maternal blood supply). However, there
is a lack of consensus on terminology of reproductive modes that requires specific criteria
to comprehensively describe matrotrophic input across diverse taxa.

Lodé (2012)

introduced the term adenotrophy, to specify glandular secretions as a sub-category of
histotrophic viviparity. Whereas, Blackburn (2015) described the ingestion of nutrients
as histophagy, designated the consumption of maternal tissues by embryos as
matrophagy, and restricted the term histotrophy to absorption of nutrients across
epithelial surfaces. Regardless, histotrophy is the most common form of matrotrophic
contribution among viviparous invertebrates (Ostrovsky, 2013), and there are widespread
patterns of histotrophy throughout diverse classes of vertebrates (Mess et al., 2003;
Blackburn, 2015; Blackburn & Starck, 2015). Among vertebrates, endometrial gland
development and histotroph secretion is essential for conceptus (embryo and
extraembryonic tissues) survival and pregnancy recognition during early stages of
development in numerous animal models (Roberts & Bazer, 1988; Gray et al., 2001;
Spencer & Bazer, 2003; Cooke et al., 2013; Spencer, 2014). Histotroph secretion is also
vital during the 1st trimester in human fetal development (Burton et al., 2001, 2002;
Hempstock et al., 2004; Bazer et al., 2011, 2012a, b, c). Varying levels of histotrophy are
recognized among matrotrophic elasmobranchs (Needham, 1942; Amoroso, 1960; Hoar,
1969; Wourms, 1977, 1981; Wourms et al., 1988; Hamlett et al., 2005a), however the
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pinnacle of histotrophy has been achieved by the endometrial gland secretions of
myliobatiform rays (Musick & Ellis, 2005; Colonello et al., 2013). In rays, the synthesis
and secretion of histotroph with a higher organic content is performed by villiform
projections of the maternal endometrium, termed trophonemata (Wood-Mason &
Alcock, 1891a, b; Hamlett et al., 1985a, 1996a, 2005a; Hamlett & Hysell, 1998; Hamlett
and Koob, 1999) and glandular invaginations of the endometrium, termed basal crypts
Colonello et al., 2013).
4.1.1 Uterine Structure
The fundamental structure of chondrichthyan uteri, has a basic organizational pattern
common among all modes of reproduction. The mucosal layer is composed of a luminal
epithelium (endometrium) supported by a basement membrane and subjacent lamina
propria. The supporting connective tissues are highly vascularized throughout the
substratum of the lamina propria, and areolar tissues are embedded within the
muscularis, and form the tunica adventitia. The muscularis (myometrium) consists of an
inner circular and an outer longitudinal layer of smooth muscle and is often the largest
investing layer of the uterus. The myometrium is encircled by a modest layer of
connective tissue (tunica adventitia) with a simple squamous serosa (perimetrium) that
incompletely surrounds the muscularis and vascularized adventitia (Hamlett et al., 1993,
2005a, c; Hamlett & Hysell, 1998; Koob & Hamlett, 1998; McMillan, 2007; Storrie et al.,
2009; Díaz-Andrade et al., 2013). The size and proportion of each tissue layer varies with
development and reproductive condition, and may also have regionalized modifications
in the composition of each layer (Hamlett & Hysell, 1998).
4.1.2 Uterine Function
The primary functions of chondrichthyan uteri are to support and protect
encapsulated ova and developing embryos throughout gestation in viviparous species or
to retain egg cases during the completion of the sclerotization process prior to oviposition
in oviparous species (Koob & Callard, 1999; Hamlett et al., 2005a). Furthermore,
contractile properties of the uterine myometrium are regulated to control parturition and
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oviposition (Callard et al., 2005), with additional contractions of decreased amplitudes
during later stages of gestation proposed to periodically flush the uterine fluids of some
yolksac viviparous species with ambient seawater (Kormanik, 1993; Lombardi et al., 1993;
Sunye & Vooren, 1997; Ellis & Otway, 2011). All chondrichthyans have several shared
functional traits in uterine morphology to successfully complete each reproductive
episode.

Common structural modifications of the uterus include; extensibility to

accommodate developing embryos or egg cases, increased vascularization to supply
oxygen to the lumen, and the synthesis and secretion of materials to provide lubrication
or to deliver structural or nutritional products (Hamlett et al., 2005a; Storrie et al., 2009).
Regardless of reproductive mode, all chondrichthyans are initially reliant on yolk
sequestered during vitellogenesis and transported to developing embryos in the uterus
via the yolksac vasculature or through the yolk stalk within the ductus vitello-intestinalis
(Hamlett et al., 1987, 2005a, b). Morphogenesis of the uterus in preparation for gestation
or active spawning occurs early during reproductive processes, and among matrotrophic
species these changes gradually become functional as yolk reserves are depleted (Koob
& Callard, 1999; Hamlett et al., 2005a, b). However, there are specific “recurrent
morphological specializations” in uterine structure that are associated with each
reproductive mode (Hamlett & Hysell, 1998). Modes of reproduction are defined by the
final reproductive product (i.e., egg vs. offspring) and the manner in which any maternally
derived nourishment is provided (Blackburn, 2015).
In species that are strictly lecithotrophic (i.e., oviparity and yolksac viviparity), all
maternal contributions to nourishment occur pre-ovulatory, and are restricted to the
initial yolk reserves that have accumulated within the oocyte. Whereas, matrotrophic
species supplement these endogenous yolk supplies (post-ovulatory) during gestation
with several alternative forms of maternal nourishment (Hamlett et al., 2005a; Huveneers
et al., 2011; Frazer et al., 2012; Blackburn, 2015). However, embryonic trophic patterns
may vary with different stages of gestation or have multiple forms of maternal input that
occur simultaneously (Blackburn, 2015). Regardless of reproductive mode, all viviparous
species are believed to display some level of histotrophy, in which the maternal
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endometrium secretes uterine fluids (histotroph) that differ in both the quantity and
quality of organic content, and the timing of synthetic and secretory activity (Hamlett et
al., 2005a). Increased levels of matrotrophy appear to have resulted from either
morphological adaptations to enhance histotroph production or from alternative
lecithotrophic processes. The evolution of diverse reproductive modes with a progressive
shift from negligible contributions through minimal and extensive forms of matrotrophy
may have origins in structural limitations of certain viviparous groups to adequately
produce histotroph (Blackburn, 2015). Thus it is necessary to determine inter- and
intraspecific differences in the glandular and vascular functions of the various uterine
structures throughout gestation. The following sections will briefly summarize parity
among chondrichthyans with an emphasis on uterine structure and secretory activity of
the endometrium.
4.1.3 Oviparity
The uteri of oviparous species have received minimal investigation, but appear to be
similar to viviparous species with additional attributes associated with the biochemical
processing of eggcases.

The endometrium generally consists of a ciliated, simple

columnar epithelium among rajiform skates, and displays regional variance in cytology as
anterior to posterior zones are progressively modified, with corresponding
transformations of the lamina propria and muscularis (Grover, 1970; Koob & Hamlett,
1998; Serra-Pereira et al., 2011a; Díaz-Andrade et al., 2013). Anteriorly, the lamina
propria is wider with abundant ciliated cells to accommodate and advance the passage of
newly secreted egg cases.

Posteriorly, increased musculature and secretory cells

maintain and regulate the passage and sclerotization of egg cases. The endometrium of
several oviparous species has been described with either a non-ciliated columnar
epithelium (Grover, 1970), or a stratified (cuboidal or columnar) epithelium (Metten,
1939; Otake, 1990). In the posterior uterus of some skates there is a progressive loss of
ciliated cells that coincides with a proportional increase in secretory cells (Hamlett &
Hysell, 1998; Díaz-Andrade et al., 2013).
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The uterine mucosa of oviparous species is highly folded and has a rich subepithelial
network of capillaries that provides increased vascularization and facilitates the transfer
of oxygen to the uterine lumen (Hamlett & Hysell, 1998; Hamlett et al., 2005a; Wehitt et
al., 2015). The ridges or recesses between uterine folds are composed of secretory acini
with a low columnar to cuboidal epithelium (Hamlett & Hysell, 1998; Díaz-Andrade et al.,
2013). Thinning of the overlying epithelium to become simple squamous within the ridges
of uterine folds occurs and has been proposed to decrease the diffusion distance to supply
the uterus with the requisite oxygen to complete the quinone tanning process during
sclerotization of egg cases (Hamlett & Hysell, 1998). Characteristics of a transporting
epithelium have also been described; as water is a byproduct of this oxidative process
(Koob & Callard, 1999). Dilated intercellular spaces are formed by specialized junctions
with extensive lateral folds; these attributes become more prevalent posteriad and
seemingly provide channels for the removal of excess water (Hamlett & Hysell, 1998;
Hamlett et al., 2005a).
4.1.4 Viviparity
Uterine morphogenesis among viviparous species, reflects changes in respiratory
function as embryonic growth results in a concomitant increase in oxygen demand
throughout gestation. Structural changes to increase surface area (i.e., elongation of
luminal projections) and reduce diffusional distances (i.e., squamation of epithelial layers,
reduction of intervening stromal tissues, and development of dilated and sinusoidal
capillaries with or without fenestrae), are similar attributes among most species (Otake,
1990; Hamlett & Hysell, 1998; Hamlett et al., 2005a; Braccini et al,. 2006). However,
secretory activity of the endometrium varies considerably between viviparous species,
which can either be restricted in capacity, widespread with individual cells dispersed
throughout the luminal mucosa, or comprise discrete glandular acini that are situated
between or within luminal projections. Thus, vascularization increases during gestation
to accommodate respiratory demands of developing offspring, with many of the same
structures having simultaneous glandular patterns that are specific to each reproductive
mode.
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Structural modifications of the basal endometrial mucosa and luminal projections can
be further characterized by spatial and temporal patterns in the proportions of
“unspecialized” surface epithelia and the development of glandular epithelia. The
glandular epithelium consists of invaginations of the endometrium, forming basal crypts
between mucosal elevations, as well as structurally similar acini that develop throughout
the external surfaces of luminal or mucosal projections (Colonello et al., 2013).
Furthermore, the endometrium must simultaneously handle the synthesis and secretion
of various products, respiratory exchange and osmoregulation of uterine fluids.
Therefore, the level of matrotrophy established by most viviparous species is dependent
on the secretory capacity of the endometrium, which is determined by the extensiveness
of glandular development, and the quantity and quality of histotroph produced (Hamlett
& Hysell, 1998; Hamlett et al., 2005a). Histotrophic patterns, may be modified during
sequential stages of gestation and have transient secretory functions, or may have
regionalized attributes with respiratory exchange and secretory activity associated with
separate uterine structures (Colonello et al., 2013).
Various anatomical and chemical aspects concerning ionic and osmotic homeostasis
within the embryonic environment have also been reported; uterine fluid composition is
essentially consistent with maternal plasma exudates during early stages of viviparous
development, remains closely regulated in matrotrophic species throughout gestation,
and among lecithotrophic species resembles seawater conditions during later stages of
gestation (Price & Daiber, 1967; Files & Lombardi, 1993; Kormanik, 1993; Lombardi et al.,
1993; Ellis & Otway, 2011). A transport epithelium similar to that noted in some oviparous
species has been described for several viviparous species with ultrastructural conditions
that are characteristic of ionic and osmotic regulation (Jollie & Jollie, 1967a; Otake, 1990).
These traits are again represented by specialized junctions that encompass, dilated
intercellular spaces, with extensive interdigitation of the lateral and basal plasmalemma
between adjacent cells, and with increased levels of mitochondria, transport caveolae
and micropinocytotic vesicles (Berridge & Oschman, 1972; Biazik et al., 2010).
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In some species with limited or no additional maternal contributions (mostly yolksac
viviparous species), the external yolksac (EYS) is incorporated into an internal yolksac (IYS)
that may persist post-partum as a transient energy reservoir (Hamlett et al., 2005a;
Braccini et al., 2006). Whereas, other species (primarily placental and oophagous species)
transfer matrotrophic products to the embryonic liver, forming extensive hepatic energy
reserves that remain available for short periods post-partum (Gilmore et al., 2005; Hussey
et al., 2010).
4.1.4.1

Yolksac Viviparity (Lecithotrophic Viviparity)

Yolksac viviparous species are strictly lecithotrophic, however most species classified
with this mode of reproduction have not been adequately studied to determine the
extent of uterine secretory activity and exclude the potential for post-ovulatory, maternal
contributions with incipient histotrophy (Hamlett et al., 2005a). Of the several species
studied, Squalus acanthias has received the most attention (Widakowich, 1907; Von
Bonde, 1945b; Jollie & Jollie, 1967a, b; Kormanik, 1993; Files & Lombardi, 1993; Lombardi
et al., 1993; Hamlett & Hysell, 1998; Hamlett et al., 2005a), however the majority of
studies were focused on fisheries related reproductive biology to perform demographic
analyses during stock assessments (Yigin & Ismen, 2013, and references therein).
Additional studies have been conducted on Rhinobatos hynnicephalus (Wenbin &
Shuyuan, 1993), Squatina japonica, Orectolobus japonicus, Squalus mitsukurii (Otake,
1990); Squalus megalops (Bracinni et al., 2007); and Centroscymus coelolepis (Moura et
al., 2011). Hamlett et al. (2005a) considered the uterus of yolksac viviparous species
specialized for “respiratory exchange and osmoregulation” with a diminished secretory
capacity that is insufficient to establish matrotrophic conditions and provide nourishment
during embryonic development.
Generally the uteri of gravid females have an increased surface area due to the
proliferation and elongation of mucosal folds or villous extensions during gestation
(Moura et al., 2011). Furthermore, a concomitant reduction in the diffusional distance of
the respiratory barrier occurs as stratified epithelia are either reduced to a bilayer of cells,
or cell type is modified from either a columnar or cuboidal to a simple squamous
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epithelium overlying the juxtaposed vasculature (Jollie & Jollie, 1967a; Otake, 1990;
Hamlett & Hysell, 1998; Braccini et al., 2007). In Squalus, prominent arterial loops were
situated in the rounded apices of mucosal folds (Jollie & Jollie, 1967a; Otake, 1990;
Braccini et al., 2007), whereas in Rhinobatos the vascular supply was in the basal portions
of folds (Otake, 1990). Regardless, extensive networks of subepithelial capillaries occur
throughout the uterine folds and mucosal projections of gravid females (Wenbin &
Shuyuan, 1993; Hamlett & Hysell, 1998; Hamlett et al., 2005a).
Secretory crypts are either absent or modest in structure within the endometrium of
yolksac viviparous species with limited occurrence of PAS+ epithelial cells (Otake, 1990;
Hamlett & Hysell, 1998; Braccini et al., 2007).

Crypt-like indentations occurred

infrequently at the base of folds in Rhinobatos lentiginosus (Hamlett et al., 1998a),
whereas secretory cells and short glandular acini were reported throughout the
longitudinal folds of R. hynnicephalus (Wenbin & Shuyuan, 1993). The epithelium of
uterine folds in the latter species appeared to consist of a low simple columnar with
further indications of basal crypts depicted in the images provided (see Figs. 6b-c in
Wenbin & Shuyuan, 1993). These observations led to the suggestion of possible glandular
contributions of nutritive material into the uterine fluids. However, most studies on
related rhinobatids have indicated strict lecithotrophy with no additional supplements of
maternally derived nourishment (Capapé & Zaouali, 1994; Enajjar et al., 2008).
The uterus of the Japanese angelshark, Squatina japonica, lacks mucosal projections,
and the epithelium was considered to resemble the stratified mucosa of the oviparous
Japanese swellshark, C. umbratile (Otake, 1990). However, the figures depicted for both
species were remarkably similar in appearance to the vaginal tissues reported for other
elasmobranchs (LaMarca, 1961; Lewis, 1982; Storrie et al., 2009; also see Chapter 5,
section 5.2.6 this study). However, the lower reproductive tracts of Squatina guggenheim
and S. occulta were described as a common uterine-cloacal chamber during late stage
gestation with cloacal maintenance to term of developing offspring proposed (Sunye &
Vooren, 1997). Since the vascularized uteri of these species were continuously in open
communication with the poorly vascularized vaginal (“cloacal”) segment, it is possible
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that samples were collected from the distal portions of the common chamber and
represented vaginal tissues. The limited vascular elements and scattered mucous cells
throughout the adluminal layer of the stratified epithelium of S. japonica, suggests that
vaginal tissues were likely misidentified, and will require additional study to verify uterine
morphology of squatinids during gestation (Otake, 1990).
The change in organic weight during embryonic development, from uterine ova to
term embryo, has only been calculated for a few yolksac viviparous species (Ranzi, 1932a,
1934a; Guallart & Vicent, 2001; Braccini et al., 2007; Huveneers et al., 2011; Moura et al.,
2011; Cotton et al., 2015) and has been estimated from either wet or dry weights in
several others (Capapé et al., 1990, 2002, 2005a; Castro, 2000). A loss of organic weight
(-17 to -33%) has been reported for several yolksac viviparous species (Guallart & Vicent,
2001; Braccini et al., 2007; Huveneers et al., 2011; Moura et al., 2011). The threshold
value suggested by Hamlett et al. (2005a) of ca. -20% was based upon data for the
oviparous S. canicula (Ranzi, 1932). However, recent comparisons with the Port Jackson
Shark, Heterodontus portusjacksoni have indicated greater losses for an oviparous species
of ca. -40% organic weight (Frazer et al., 2012). Results of this study further suggested
that previous threshold values for changes in weight were unreliable to distinguish
lecithotrophy from incipient histotrophy, and should be limited to recognizing species
with extensive matrotrophy (Frazer et al., 2012).
4.1.4.2

Matrotrophic Viviparity

The matrotrophic condition of most viviparous species directly corresponds with
secretory attributes of the endometrial mucosa and specialized uterine structures (i.e.,
mucosal projections and placentae) associated with varying modes of reproduction.
Although all species are initially yolk reliant, there is a transitional overlap in the type of
nourishment provided during development that is specific to each mode of reproduction.
Various uterine modifications are associated with biphasic (histotrophy) and triphasic
(placentotrophy) sequences of specific matrotrophic stages. The pattern of EYS depletion
is reflective of the gradual transition from lecithotrophy, as yolk contents may be
incorporated into an IYS in many yolksac viviparous species, and among matrotrophic
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species can persist for lengthy durations (i.e., many myliobatiform rays), or, following
depletion of yolk contents, the extraembryonic tissues can become modified into fetal
portions of the placenta (yolksac) and umbilicus (yolk stalk). Furthermore, among the
various forms of histotrophy, there is a general shift in the organic content of secretory
products from mucus to lipids (Hamlett et al., 2005a).
4.1.4.2.1

Ovatrophy and Adelphotrophy

During lamniform ovatrophy, embryos are fundamentally yolk dependent
throughout gestation, albeit through a continuous supply and consumption of unfertilized
ova and storage of vitellogenic material, initially stored in the embryonic stomach and
later within the liver (Gilmore, 1993; Saĭdi et al., 2005a). In addition to ovatrophy,
Carcharias taurus exhibits adelphotrophy, which is an extension of ovatrophy, and
involves the consumption of lesser-developed siblings (i.e., intrauterine cannibalism) in
addition to extensive supplies of unfertilized ova (Gilmore et al., 2005). Likewise, the
shortfin mako, Isurus oxyrinchus may display facultative adelphotrophy based on fetal
stomach contents (Joung & Hsu, 2005), however this condition appears uncommon, as
numerous studies have reported polytocous (i.e., multiple offspring) broods (Mollet et al.,
2000; Semba et al., 2011). Carcharhiniform oophagy, has been described for two species
of pseudotriakid sharks (Pseudotriakis microdon and Gollum attenuatus), whereby
additional unfertilized yolked eggs are variably incorporated into the EYS of developing
embryos (Yano, 1992, 1993). Additionally, both species are suspected to supplement
embryonic yolk nutrition with the production of histotroph (i.e., uterine fluids) from
elaborate villous extensions of the endometrium.

However, confirmation requires

additional histological and biochemical examination to determine if glandular patterns
exist or if uterine villi are strictly respiratory in function. A third type of orectolobiform
ovatrophy has been suggested for the tawny nurse shark, Nebrius ferrugineus that
resembles lamniforms with the consumption of encapsulated eggs and storage of a large
yolk mass in the embryonic stomach (Teshima et al., 1995). However, ovatrophy remains
unconfirmed and will require additional study to verify and will not be further discussed
here.
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The uterine structure of ovatrophic species has scarcely been studied. Among
lamniform sharks, the endometrium develops extensive uterine villiform projections that
appear to function entirely for respiratory exchange and osmoregulation of uterine fluids
(Matthews, 1950; Otake, 1990; Hamlett et al., 1993; Hamlett & Hysell, 1998; Gilmore et
al., 2005). However the white shark, Carcharodon carcharias has recently been reported
to produce and secrete histotroph during early embryonic stages, prior to the onset of
ovatrophy (Sato et al., 2016). Since lamniform sharks produce large, and rather active
embryos, an increased oxygen demand necessarily follows as gestation progresses
(Gilmore et al., 2005). Otake (1990) reported the endometrium of Lamna ditropis and
Alopias pelagicus was similar to yolksac viviparous species (e.g., Squalus), and both
species exhibited a stratified cuboidal or low columnar epithelium with flattened basal
layers.

The endometrium from the proximal portion of the uterus consisted of

longitudinal folds that were continuous with folds from the isthmus, whereas the
remaining endometrium is profusely covered with variably sized (0.5-5.0 mm) villi
(Matthews, 1950; Otake, 1990). In the uterus of the basking shark, Cetorhinus maximus,
a series of complex longitudinal ridges have small, secondary lateral ridges with apically
branched villi that extend in continuous rows from the underlying ridges (Matthews,
1950). Both the ridges and villi were highly vascularized, and contained elevated
peripheral blood vessels covered with a simple squamous epithelium. The endometrial
cells contained abundant mitochondria, and particularly within the mid-basal region of
cells there were numerous dilated intracellular spaces with subjacent fenestrated
capillaries, representing ultrastructural attributes associated with the active transport of
water and solutes (Otake, 1990).
The gravid uteri of most lamniform sharks have longitudinal folds that are
composed of a dense stromal core and are completely devoid of glandular acini. Although
these luminal projections lack the necessary glandular structure to produce and secrete
histotroph, they are highly vascularized and reportedly function solely as respiratory
membranes (Hamlett & Hysell, 1998). Nonetheless, during nongravid periods there are
scattered cells within the basal layers of the stratified epithelia that are PAS+ and also
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contain scant lipid droplets (Matthews, 1950; Hamlett & Hysell, 1998). Sato et al. (2015)
proposed that lipid histotroph provides a transitional form of nourishment in C.
carcharias, which may also occur in other lamniforms before dentition and a functional
gut form to support ovatrophy. Secretory cells in the uterus of C. maximus display a
holocrine pattern of secretion, whereby the entire cell detaches and disintegrates, thus
providing a potential embryotrophic supplement to the existing ovatrophic conditions
(Matthews, 1950). Adelphotrophy, with an obligate consumption of lesser developed
intrauterine siblings has only been confirmed for C. taurus, and this reproductive mode is
capable of producing excessive gains in embryonic dry weight (1.2x106%) prior to
parturition (Wourms, 1977; Stribling et al., 1980).
During carcharhiniform ovatrophy, supplemental unfertilized ova are also
ingested, however the yolk proteins are initially stored in the EYS, and subsequently
transferred to the IYS prior to utilization. This condition resembles an extreme form of
yolksac viviparity, since supplemental yolk contents are consolidated into an enlarged
EYS. In the false catshark, Pseudotriakis microdon the EYS is depleted and resorbed during
early stage development, and then embryos actively feed on an abundant and continuous
supply of vitellogenic follicles (presumably from separate eggcases) during latter stages
of development (Yano, 1992). The extensive supply of yolked eggs for P. microdon,
resulted in an increase in estimated dry weight of 1.3×105 - 5.1×105% (Yano, 1992).
Conversely, the slender smooth-hound, Gollum attenuatus had reduced levels of
ovatrophy with additional yolked eggs limited to the unfertilized eggs originally ovulated
within the shared egg case (Yano, 1993). The estimated dry weights were based on
previous values by Ranzi (1932) that presumed the water weight contents of 80% and
40% for near-term embryos and uterine ova, respectively. Regardless, the estimated
values are clearly matrotrophic, but highly variable between both pseudotriakids.
4.1.4.2.2

Mucoidal Histotrophy

Mucoidal histotrophy incorporates both incipient and minimal histotrophic modes
of reproduction with variable levels of secretory patterns (Conrath & Musick, 2012).
Incipient histotrophy, involves the production of limited amounts of mucus with a low
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organic content, whereas minimal histotrophy displays increased mucus production with
moderately elevated levels of organic content (Hamlett et al., 2005a). Regardless, the
secretory capacity of histotroph remains reduced, thus matrotrophic input results in
either a marginal loss of organic weight (incipient histotrophy) due to basic metabolic
requirements, or limited to modest gains of organic weight (minimal histotrophy) with
increased levels of organic content and secretory activity. Few published studies have
adequately calculated changes in organic weight to determine any quantifiable
differences between the varying gradations of matrotrophic input associated with
mucoidal histotrophy. Thus, difficulties in separating incipient from minimal levels of
histotrophy exist that are similar to the threshold value issues in distinguishing between
lecithotrophy and matrotrophy.
At the lower end of the matrotrophic spectrum, incipient histotrophy has been
documented for the common sawshark, Pristiophorus cirratus, and also suggested for
several torpedinids based upon their dilute histotroph content and moderate glandular
structure of uterine folds and villi (Ranzi, 1932, 1934; Uva, 1971; Stevens, 2000; Hamlett
et al., 2005a; Huveneers et al., 2011). Ultrastructural studies on P. cirratus have revealed
modest mucus secretions from uterine villi during early gestation, whereas, near-term
villi were specialized for respiration with a simple squamous epithelium and dilated blood
vessels, and fluid transport with a prevalence of dilated intercellular spaces (Stevens,
2000; Hamlett et al., 2005a). Similarly, Uva (1971) reported an increase in secretory
activity from the uterine flaps of T. marmorata during pre-ovulatory stages, but with only
limited mucus secretions produced by the intervillous basal crypts during gestation. The
presence of scant secretory cells within the vascular uterine villi of the birdbeak dogfish,
Deania calcea was suggested to provide limited secretions that resulted in a marginal
increase in mean dry weight (3.8%) of term embryos (Paiva et al., 2012). However, due
to seemingly inaccurate calculations (corrected mean dry weight value ca. -52%) and
insufficient data for determining changes in organic weight, the validity of matrotrophic
conditions for D. calcea remains uncertain. A potential case of matrotrophy (limited
histotrophy) was recently suggested for the great lanternshark, Etmopterus princeps with
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only a loss of -7.7% in organic weight, but these results are also inconclusive due to the
small sample size and mishandling of samples (Cotton et al., 2015).
Minimal histotrophy has primarily been recorded for aplacental triakid sharks
(Ranzi, 1932, 1934; Amoroso, 1950; Uva, 1971; Chen & Mizue, 1973; Teshima, 1981;
Otake, 1990; Peres & Vooren, 1991; Vooren, 1992; Musick & Ellis, 2005; López et al., 2006;
Storrie et al., 2009; Galíndez et al., 2010; Elías, 2015a), with limited to moderate increases
of organic weight (ca. 11-356%) during embryonic development (Frazer et al., 2012). The
duration of mucus secretion during minimal histotrophy is briefly extended, and includes
early to middle stages of gestation, whereas secretory activity during incipient
histotrophy rapidly diminishes after pre-ovulatory periods. Furthermore, the organic
composition of histotroph marginally increased from incipient levels (1-3%) to minimal
levels (4-7%) (Ranzi, 1934a; Needham, 1942; Amoroso, 1950).
The general uterine structure and development of uterine compartments appears
common among most aplacental triakids, excluding Mustelus asterias that seemingly
does not form compartments (Farrell et al., 2010). However, secretory activity is more
pronounced in some genera (e.g., Mustelus), which correlates with the differences
reported in organic weight changes among related species (Ranzi, 1936; Needham, 1942;
Otake, 1990). The endometrium of aplacental Mustelus spp. consists of a highly stratified
cuboidal epithelium with extensive mucous secretory cells present during the preovulatory stages (Storrie et al., 2009; Elías, 2015a). Longitudinal folds ramify throughout
the length of the uterus and may form secondary folds that interdigitate with the tertiary
egg envelope (Hamlett et al., 1993; Storrie et al., 2009; Galíndez et al., 2010). During the
early to middle stages of embryonic development, compartments form from enlarged
uterine folds. Compartments have a simple squamous epithelium that increases the
surface area for respiratory exchange and fluid transport (Teshima, 1981; Storrie, 2004).
The uterine compartments of term stage M. antarcticus have a secondary increase in
mucous cell differentiation that may involve a brief surge in secretory activity (Storrie,
2004).

Among Mustelus spp., mucoidal secretions decrease dramatically during

gestation, and concomitant with embryonic development the uterine mucosa is modified
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for increased gas exchange.

The lamina propria is progressively minimized and

squamation of the stratified cuboidal endometrium occurs, which reduces the diffusional
distance of the respiratory barrier (Teshima, 1981; Storrie et al., 2009). During middle to
late stages of gestation, the basal lamina of the squamous epithelium is further reduced
and closely apposed with the subjacent sinusoidal blood vessels. Furthermore, the
prevalence of transport vesicles and dilated intercellular spaces indicates extensive levels
of fluid transport. Following parturition, the endometrium regenerates and abundant
mucous secretory cells are once again situated in the basal portions of the highly stratified
epithelium.
The contents of the EYS of M. antarcticus and M. manazo are gradually diminished
and depleted of yolk by late stage development, however a residual structure connected
to the yolk stalk briefly persists (Teshima, 1981; Storrie et al., 2009). Furthermore, both
species transferred yolk to an IYS, but this structure was short-lived and entirely depleted
by mid-stage gestation. Minimal histotrophic conditions for M. antarcticus extended
from maximal values during pre-ovulatory stages to minimal levels of secretory activity,
during mid-stage gestation (Storrie et al., 2009). Thus, contributions from secretory
activity were limited in duration and complimentary to lecithotrophic yolk supplies during
earlier stages of development. Regardless, the weight gains and uterine structure of
aplacental triakid sharks clearly indicate maternal nourishment with minimal histotrophy
(Storrie et al., 2009; Galíndez et al., 2010; Frazer et al., 2012; Elías, 2015a; Orlando et al.,
2015).

Mucous secretions for M. antarcticus continued through middle stages of

development and resulted in an estimated 683.3% increase in dry weight of full term
embryos (Storrie et al., 2009; Frazer et al., 2012).
Although histological and biochemical analyses are necessary to clarify mucoidal
histotrophy, the timing and periodicity of secretory activity appears indicative of the level
of matrotrophic input. Species with incipient levels of histotrophy have brief periods of
increased secretory activity that occur mostly during the peri-ovulatory stages, and then
rapidly diminish for the remainder of gestation. The ineffective timing and the low
organic content of these secretions, provides very little additional nourishment for
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growing embryos. Conversely, the prolonged secretory activity of minimal histotrophic
species extends into the early and middle stages of embryonic development, and the
slightly elevated organic content of uterine fluids provides more substantial matrotrophic
contributions.
4.1.4.2.3

Placentotrophy

Placentotrophy is limited to several families of carcharhiniform sharks
(Carcharhinidae, Sphyrnidae, Leptochariidae and some Triakidae), representing only 910% of total elasmobranch species (Dulvy & Reynolds, 1997, Hamlett & Koob, 1999;
Compagno, 2005; Musick & Ellis, 2005).

Embryonic development during yolksac

placentation is considered triphasic with sharks sequentially utilizing three modes of
nourishment: initially lecithotrophic, transitionally histotrophic and terminally
placentotrophic with considerable overlap during ontogenetic shifts between modes
(Hamlett et al., 2005b). Hemotrophic transfer of nutrients has not been conclusively
documented for any species, and since placental or paraplacental transfer results from
uterine secretory activity, placentotrophy in sharks has been considered a specialized
form of histotrophy (Hamlett et al., 2005b). Furthermore, species-specific focal sites of
respiratory exchange, fluid and ionic transport, and nutritional secretory activity vary
considerably between the uteroplacental interface and paraplacental endometrial tissues
of the few species that have been examined. These variations involve stage-dependent
remodeling of the endometrium in association with glandular development, secretory
activity, reductions in stratified layers or cell size, and desquamation of tissues (Ranzi,
1932, 1934; Mahadevan, 1940; Setna & Sarangdhar, 1948; Gilbert & Schlernitzauer, 1966;
Schlernitzauer & Gilbert, 1966; Teshima & Mizue, 1973; Baranes & Wendling, 1981;
Teshima, 1981; Hamlett et al., 1985a, 1987, 1993, 2002b, 2005b; Otake & Mizue, 1985,
1986; Hamlett, 1987, 1990b, 1993, 2005; Otake, 1990; Fishelson & Baranes, 1998;
Hamlett & Hysell, 1998; Jones & Hamlett, 2004; Haines et al., 2006).
Uterine compartments in placental species generally form early during gestation
(Teshima, 1981), with an additional egg envelope reservoir reported in several earlier
works (summarized in Wourms et al., 1988). A storage chamber (or reservoir) was
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described for Carcharhinus dussumieri (Teshima & Mizue, 1973), however this is the only
study to mention the lack of compartmentalization, and fecundity was reduced with only
a single offspring reported per functional uterus. Nonetheless, additional studies on the
same species have described the formation of compartments when multiple embryos
occur in the same uterus (Mahadevan, 1940; Stevens & McLoughlin, 1991). Thus,
partitioning of offspring into discrete compartments in placental species may only occur
when more than one embryo is present per uterus.

Regardless, the function of

compartments is generally considered to increase the surface area for respiratory
exchange, and potentially increase the secretory surface of the endometrium for
histotroph production (Hamlett et al., 2005b).
The tertiary egg envelope that surrounds developing offspring, persists
throughout gestation as an intervening layer between fetal and maternal tissues for most
placental species. This condition is typically referred to as an epitheliochorial yolksac
placenta (Wourms et al., 1988; Jones & Hamlett, 2004; Hamlett et al., 2005b), however
some researchers have preferred epithelio-“embryonic membrane”-epithelial placenta to
clarify the lack of direct contact between the maternal and embryonic tissues
(Schlernitzauer & Gilbert, 1966). Only on three species (Iago omanensis, Prionace glauca
and Scoliodon laticaudus) are there reports of the tertiary egg envelope or fetal
membrane deteriorating and not forming a permanent component of the placental
interface (Mahadevan, 1940; Setna & Sarangdhar, 1948; Otake & Mizue, 1983; Fishelson
& Baranes, 1998; Hamlett et al., 2005b). Implantation entails either a direct adhesion or
intimate interdigitation of embryonic yolksac and uterine tissues, but placentation
remains non-invasive and lacks decidualization of maternal tissues (Hamlett et al., 1993).
However, several studies have reported the loss of either or both fetal and uterine
epithelial tissues at the placental interface during late gestation (Teshima, 1981; Otake,
1990). In some species, the yolksac placenta differentiates into a smooth proximal
segment with proposed steroidogenic functions, and a highly vascular rugose distal
segment that rests in close apposition to the maternal uterine epithelium (Schlernitzauer
& Gilbert, 1966; Hamlett et al., 1985a-c, 2005b; Hamlett, 1993, 2005).
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The cytological organization of placental and paraplacental tissues demonstrates
regional specializations, with attributes that may spatially overlap or remain discretely
organized relative to secretory, osmoregulatory or respiratory functions. Unfortunately,
most studies have been limited to late and term stage observations of the placental
interface and lack examination of paraplacental tissues entirely.

Thus, details of

endometrial modifications during maturational development, between sequential stages
of gestation, and corresponding patterns of secretory activity are essentially unavailable.
Consequently, it remains difficult to proportionally distinguish between all potential
routes of nutritional transport (i.e., transplacental and paraplacental), as functional
patterns likely vary among placental species (Otake, 1990).
The placental interface generally exhibits increased vascularity with epithelial
modifications of both the yolksac (fetal) and maternal tissues (i.e., thinning or glandular
development), relative to the structure and secretory activity of paraplacental tissues.
Previous attempts have been made to categorize shark yolksac placentae based upon
morphology of the term stage placental interface (Teshima, 1981; Wourms et al., 1988),
however an updated revision to those categorizations, that includes paraplacental
structure, remains necessary. Determining the location and extent of secretory activity
within maternal uterine tissues is fundamentally required. In species with limited
nutritional exchange across the placental interface (e.g., Mustelus), fetal and maternal
placental tissues form a respiratory membrane, with simple squamous epithelia
separated by an intervening layer of tertiary egg envelope (embryonic membrane).
Matrotrophic input primarily involves paraplacental histotrophy that is further restricted
by the timing and duration of secretory activity and the organic content of secretory
products (i.e., mucus) (Teshima, 1981; Otake, 1990). Species with intermediate levels of
placental function are considerably more variable in matrotrophic contributions, but
generally have secretory uterine tissues with a simple columnar epithelium. These
species may also transfer macromolecular proteins across the placental interface (Otake,
1990). The production of histotroph from paraplacental tissues may play more of a role
during early to middle stages of development that have received little attention in most
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species. The transfer of nutrients solely across the placental interface has only been
reported for the blue shark, Prionace glauca with paraplacental tissues functioning strictly
for the exchange of respiratory gases and transport of fluids and ions for osmoregulation
in the uterine milieu (Otake & Mizue, 1985, 1986; Otake, 1990). The epithelium of the
fetal-placental interface of P. glauca is composed of a cellular bilayer with large adluminal
cuboidal cells aka “giant” cells, and a basal layer of squamous cells. The enlarged bilayer
is notable, as other species have a greatly reduced epithelium at the site of placental
attachment. Ultrastructurally, the columnar cells exhibit absorptive attributes, and the
transfer of macromolecular elements may further be augmented by the lack of a fetal
membrane (tertiary egg envelope) to provide an additional selective barrier at the
placental interface (Otake, 1990; Hamlett et al., 2005b).
Paraplacental uterine secretions have been suggested to perform an important
role in embryonic nourishment, particularly during mid-gestation and prior to yolk sac
implantation (Files & Lombardi, 1993, Hamlett, 1993, Lombardi et al., 1993, Graham et
al., 1995; Castro & Wourms, 1993). Placental species that form yolk stalk appendiculae
(e.g., Rhizoprionodon terraenovae) are considered to exhibit more extensive levels of
matrotrophy that corresponds to paraplacental secretion of histotroph with an increased
organic content and the proposed absorptive functions of the appendiculae (Hamlett,
1986, 1993; Castro & Wourms, 1993; Files & Lombardi, 1993; Lombardi et al., 1993;
Hamlett et al., 2005b). Placental sharks that exhibit appendiculae are limited to several
genera: Scoliodon, Hemigaleus, Sphyrna, Paragaleus, Rhizoprionodon (Alcock, 1890;
Southwell & Prasad, 1919; Thillayampalam, 1928; Mahadevan, 1940; Setna & Sarangdhar,
1948; Budker, 1949, 1953, 1958, Schlernitzauer & Gilbert, 1966; Appukuttan, 1978;
Castro, 1989; Hamlett et al., 1993; Soma et al., 2011). Most species with appendiculae
are characteristically smaller-sized (1-2 m TL or less) with brief gestation rates, whereas
larger-sized (2 m TL or more) species have increased fecundity (e.g., Sphyrna lewini)
relative to other placental species of comparable size without appendiculae (Stevens &
Lyle, 1989; Joung & Chen, 1995; Hazin et al., 2001; Capapé et al., 2004; Joung et al., 2005,
2008; Romine et al., 2009).
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Few studies have addressed matrotrophic contributions of placental species to
embryos, although changes in organic weight have been reported for Prionace glauca
(=Carcharias glaucus) (841%) and Mustelus mustelus (=M. laevis) (1063%) (Ranzi, 1932a,
b, 1934a, 1936, Needham, 1942). Several studies have reported calculations based on
dry weights or estimated dry weights with values ranging from 1219-6790% (Wourms,
1993; Capapé et al., 2003, 2004, 2006; Saïdi et al., 2005b; Frazer et al., 2012). However,
clarification of reported values are greatly needed with all weight measurements (wet,
dry, organic and inorganic) clearly labeled to conduct appropriate comparisons.
Additionally, the presence of an IYS during early stages, and pre- and post-implantation
comparisons should be considered to evaluate secretory contributions throughout
gestation. A single extreme situation has been reported for S. laticaudus (5×106 %) with
conflicting views from several studies on the structure of the placental trophonematous
complex (advanced vs. primitive), and the relative importance of matrotrophic conditions
(proposed hemotrophy vs. histotrophy) that warrants further investigation (Mahadevan,
1940; Setna & Sarangdhar, 1948; Teshima et al., 1978; Otake, 1990; Wourms, 1993;
Wourms et al., 1988; Hamlett et al., 2005b).
4.1.4.2.4

Lipid Histotrophy

During lipid histotrophy, embryonic nourishment is provided by the copious
production and secretion of uterine fluids that form a lipid and protein rich histotroph.
Hamlett et al. (1996a) further defined this process as uterolactation, since
chondrichthyan histotrophy expresses similar traits to mammalian lactation (i.e.,
secretory acini of mammary glands). Among elasmobranchs, this highly efficient form of
matrotrophy is exclusively representative of the order Myliobatiformes (e.g., stingrays,
butterfly rays, eagle rays, devil rays) (Wourms, 1988; Compagno, 1998a; Hamlett et al.,
2005a). The synthesis and secretion of lipid histotroph (or “uterine milk”) has primarily
been described as a function of the abundant trophonemata that extend from the
maternal endometrium (Wood-Mason & Alcock, 1891a, b; Wourms, 1981; Wourms &
Bodine, 1983; Hamlett et al., 1985a, 1993, 1996a, 2005a; Hamlett, 1986; Luer et al., 1994;
Amesbury, 1997; Hamlett & Hysell, 1998; Hamlett and Koob, 1999), but also involves
194

glandular recesses located between trophonemata, recently termed basal crypts (Lewis,
1982; Amesbury, 1997; Colonello et al., 2013). Nourishment from histotroph is provided
to developing embryos during gestation, with a considerable increase in organic weight
achieved from uterine ova to term stage (e.g., 1000-4000%), which dramatically surpasses
the capacity of initial egg investitures incorporated during vitellogenesis (Ranzi, 1932a,
1934a; Wourms et al., 1988; Hamlett et al., 2005a).
The nutritional role of elasmobranch uterine secretions during embryonic
development has been documented for over three centuries (Lorenzini, 1678; Davy, 1834;
Müller, 1842). Glandular structure and uterine secretions specifically associated with
trophonemata were first suggested by Cuvier & Duvernoy (1846), Trois (1878), and
Haswell (1888) during observations of Aetobatus narinari, Myliobatis aquila (=M.
noctula), and Urolophus testaceus, respectively.

These reports were subsequently

supported by more extensive histological examinations conducted by Wood-Mason and
Alcock (1891a, b) on Himantura (=Trygon) walga and Gymnura poecilura (=Pteroplataea
micrura) with further detailed work by Alcock (1892a, b) on Himantura (=Trygon) bleekeri
and G. poecilura. Alcock (1889, 1890) referred to trophonemata as glandular filamentous
villi and suggested that histotroph (or uterine milk) was “elaborated for the nourishment
of the embryo” and assumed the fluids were orally ingested. Several older reports have
also noted trophonemata and the occurrence of uterine milk in the pregnant uterus of
rays (Coles, 1910, 1913; Gudger, 1910, 1912, 1914). Wood-Mason and Alcock (1891a)
defined the term trophonemata, referring to the structures as “nursing filaments” in
reference to a secreting function, opposed to the role of absorption associated with the
term villus. The term is typically reserved for myliobatiform rays, but is occasionally noted
for the uterine villi of other elasmobranchs (Matthews, 1950), and has also been used
more recently to define reproductive structures in several invertebrate taxa (Ryland,
1997; Eckelbarger et al., 2008; Sheridan et al., 2015).
Previous histological and ultrastructural descriptions of trophonemata have been
conducted (Trois, 1876; Haswell, 1889; Alcock, 1889, 1890, 1892a, b; Wood-Mason &
Alcock, 1891a, b; Brinkmann, 1903; Ranzi, 1934a, b; LaMarca, 1961; Babel, 1967; Schwert,
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1967; Lewis, 1982; Wourms & Bodine, 1983; Hamlett et al., 1985, 1993, 1996a; Hamlett,
1990a; Luer et al., 1994; Amesbury, 1997; Chatchavalvanich & Visutthipat, 1997; Hamlett
and Hysell, 1998; Acero et al., 2008; García, 2009; Fisher, 2010; Colonello et al., 2013;
Soma et al., 2013; Ueda et al., 2013; Vázquez, 2013; Henderson et al., 2014; del Mar
Pedreros-Sierra et al., 2016). Nonetheless, adequate characterization of trophonemata
development throughout all stages of gestation has been limited to only two studies on
D. sabina (Lewis, 1982; Amesbury, 1997) and a single study on M. goodei (Colonello et al.,
2013). Reproductive studies of myliobatiform rays in general have been infrequent with
most research restricted to gross observations, with the presence of trophonemata
occasionally noted to indicate sexual maturity (see Chapter 3). Several recent studies
have been published based on extensive bycatch availability, however histological
examinations have been limited to the four latter studies (Trinnie et al., 2009, 2012, 2014,
2015, 2016; Mejía-Falla et al., 2012; Colonello et al., 2013; Vázquez, 2013; Henderson et
al., 2014; del Mar Pedreros‐Sierra et al., 2016).
In myliobatiform rays, trophonemata are profusely distributed throughout the
entire endometrium as flattened villiform extensions of the mucosal layer, which
effectively increases the surface area available for secretion of histotroph and exchange
of respiratory gases (Hamlett et al., 1985, 1996a, 2005a, Amesbury, 1997; Hamlett &
Hysell, 1998). The basic shape of fully developed trophonemata varies among species and
may be broader at the tip than base (spatulate or paddle-shaped), taper distally, or branch
(Alcock, 1890; Bearden, 1959; LaMarca, 1961; Schwert, 1967; Hamlett et al., 1985a,
1996a).

Various trophonematal sizes (ca. 10-30 mm) have been reported during

maximum development (Alcock, 1892a, Hamlett, 1993, Hamlett et al., 1985, 1996a,
Amesbury, 1997; Henderson et al., 2014) with densities estimated at 130/cm2 for H.
bleekeri (Alcock, 1892a) and 80/cm2 for U. jamaicensis (LaMarca, 1961). Amesbury (1997)
documented a distinct pattern of development and regression of trophonematal
structure during the well-defined annual reproductive cycle of the Atlantic stingray,
Dasyatis sabina. Trophonemata were present year round, however peak mean length
occurred during mid-gestation, subsequently decreased in length during late-gestation,
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and significantly decreased post-partum.

Additionally, advanced development of

trophonemata vascularization and glandular structure, corresponded with a
simultaneous reabsorption of embryonic external gill filaments (EGF) (Amesbury, 1997).
External gill filaments are transient embryonic structures that perform a respiratory
function during initial development when trophonematal vascular supply is modest and
uterine fluids are believed to have low oxygen content (Kryvi, 1976, Pelster & Bemis,
1992; Hamlett et al., 2005a). However, no study has measured levels of dissolved oxygen
(DO) in uterine fluids. It remains unclear at this time if EGF solely perform a respiratory
function or represent a potential site for uptake of nutritional histotroph during earlier
stages of development (Gudger, 1912, Babel, 1967, Hoar, 1969, Wourms, 1977, 1981;
Hamlett et al., 1985a, b, 1993).
Structurally, trophonemata have a complexly organized surface that is arranged
into interconnected ridges (or surface cables), which are essentially formed by a network
of subepithelial capillaries. The ridges and subjacent vasculature encircle and delineate
the numerous secretory crypts that develop during glandular stages of gestation (Hamlett
et al., 1993, 1996a, 2005a).

Additionally, trophonematal vasculature may change

dramatically during the course of the reproductive cycle as reported for D. americana
(Hamlett et al., 1996a). Ridge vasculature was initially modest and invested by a simple
cuboidal epithelium during early stages of gestation, whereas term stage trophonemata
had increased vasculature with dilated sinusoids and an overlying simple squamous
epithelium. The reduction of the ridge epithelium overlying blood vessels from 3 µm to
0.3 µm, and the gradual thinning of stromal tissues between the surface epithelium and
subepithelial capillaries, effectively reduced the diffusional distance for exchange of
respiratory gases (Hamlett et al., 1996a; Hamlett and Hysell, 1998). Thus, subsequent to
reabsorption of EGF, vascular modifications of trophonemata become increasingly more
pronounced during later stages of development apparently to provide an elevated
respiratory function, and meet the oxygen demands of larger sized embryos.
Vascularization of trophonemata has been inconsistently defined in the literature,
with original descriptions depicting a central artery and paired veins (Trois, 1876). Other
197

observations of cleared and stained trophonemata, have instead revealed two peripheral
arteries and a central vein that are interconnected by a network of capillaries (WoodMason & Alcock, 1891a, b, Alcock, 1892a, b). In contrast, Hamlett et al. (1993) noted a
central artery that branches laterally outward into peripheral capillaries and more
recently, Hamlett et al. (1996a, 2005a) and Henderson et al. (2014) have treated
trophonematal vasculature as central and peripheral blood vessels with no mention of
arterial or venule placement. Nonetheless, comparisons between SEM images of both
natural structure and vascular corrosion casts of trophonemata, have clearly
demonstrated the underlying vasculature of each ridge (Hamlett et al., 1985, 1993,
1996a; Wourms et al., 1988; Basten, 2007). Trophonemata vasculature consists of a
single artery that bifurcates proximally into two peripheral arteries, which then spread
laterally and run parallel along the flattened edges towards the apical tip (Wood-Mason
& Alcock, 1891a, b; Alcock, 1892a, b; Ranzi, 1934a; Schwert, 1967; Hoar, 1969; Lewis,
1982; Basten, 2007; Spieler et al., 2013). Peripheral arteries repeatedly diverge into
smaller efferent arterioles that supply a dense network of anastomosing capillaries (or
garland capillaries) (Basten, 2007). These garland capillaries permeate throughout the
entire length of each trophonema and the peripheral arteries eventually ramify into a
capillary bed at the apical tip. Capillaries converge into a series of collecting venules that
ultimately form and empty into a single large axial vein, which occupies the center of each
trophonema. The size of trophonemata and extent of vascular development becomes
reduced during term stage and periods of reproductive inactivity (Wood-Mason & Alcock,
1891b; Babel, 1967; Lewis, 1982; Amesbury, 1997).
Glandular activity of trophonemata has been reported to function early in
gestation (Colonello et al., 2012), late in gestation (Wood-Mason & Alcock, 1891a; Lewis,
1982; Hamlett et al., 1985), or operate throughout pregnancy with peak structural
development occurring from middle to late stages of gestation, when yolk sac contents
become reduced or depleted, and EGF are reabsorbed (Amesbury, 1997).

The

trophonematal microstructure of immature, developing and reproductively inactive rays
are uniformly aglandular, with a simple cuboidal to low columnar epithelium (LaMarca,
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1961; Babel, 1967). Whereas, trophonemata from reproductively active females ranging
in conditions from pre-ovulatory to post-partum have varying patterns of glandular
development with distinct endometrial cycles (Babel, 1967; Lewis, 1982; Amesbury, 1997;
Hamlett et al., 2002a). Glands initially form as shallow invaginations of the epithelium
and eventually develop into simple and occasionally compound acini (also called glandular
pits or secretory crypts) (Lewis, 1982). In some species, nearly the entire trophonematal
surface is covered by secretory crypts, with only the regions surrounding the peripheral
arteries remaining aglandular (Wood-Mason & Alcock, 1891b; Schwert, 1967). The
seminal works of Wood-Mason & Alcock (1891a) and Alcock (1892a) have estimated ca.
21,000 glandular acini per trophonema (e.g., G. poecilura and H. bleekeri), whereas,
Schwert (1967) reported a more conservative estimate of ca. 10,500 for D. americana
with trophonemata accounting for 96% of the uterine surface area. Secretory crypts are
constructed of a tall, simple columnar epithelium with extensive apical secretory vesicles
(e.g., lipids, proteins, mucus) (Hamlett & Hysell, 1998). During peak trophonematal
development, adjacent glands are separated by only an encircling network of capillaries
and scant stromal connective tissues (Alcock, 1892a, b; Hamlett et al., 1996a). The
uterine regions between trophonemata (i.e., intervillous, intrauterine, or basal crypts) are
also glandular with varying patterns of development and epithelia that are structurally
similar to the secretory crypts of trophonemata (Wood-Mason & Alcock, 1891b; LaMarca,
1961; Babel, 1967; Lewis, 1982; Amesbury, 1997; Colonello et al., 2013).

The

ultrastructure of trophonematal secretory cells have classic protein synthesizing traits
that are characterized by round euchromatic nuclei, prominent Golgi bodies, extensive
rough endoplasmic reticulum, free ribosomes and numerous smooth-walled vesicles
(Hamlett et al., 1985, 1993, 1996a).
Ranzi (1934a) was first to measure histotroph content, reporting 13.3% organic
substance (of which 8% was fat) for Pteroplatytrygon (=Trygon) violacea, and this seminal
work has been cited frequently in the literature (Needham, 1942; Amoroso, 1960; Hoar,
1969; Wourms, 1981; Wourms et al., 1988; Hamlett et al., 1985, 1996a, 2005a). Price and
Daiber (1967) compared the osmotic environment of histotroph and maternal blood of
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Dasyatis say and Myliobatis freminvilli with several sharks for chloride ion and urea
content. The chemical composition of uterine fluids has since been analyzed in several
species with measured levels of lipids, proteins and carbohydrates varying among species
and stage of gestation (G. micrura: Wourms & Bodine, 1983; R. bonasus and D. sabina:
Luer et al., 1994; D. sabina: Amesbury, 1997; D. americana, R. bonasus, U. jamaicensis:
Henningsen et al., 1999; Hamlett et al., 2005a).

Nonetheless, Amesbury’s (1997)

unpublished thesis on D. sabina remains the only study to characterize histotroph content
of any myliobatiform ray at different stages of gestation throughout the reproductive
cycle.
Various embryonic surfaces have been considered sites of nutrient uptake, with
absorption proposed by the EYS, EGF and general body surfaces of embryos during early
stages of development (Davy, 1834; Wood-Mason & Alcock, 1891a; Ranzi, 1934a; Gudger,
1940; Needham, 1942; Von Bonde, 1945a; Wourms, 1981; Hamlett et al., 2005a). Alcock
(1892a) also suggested the elongated EGF of early stage embryos of the longtail butterfly
ray, G. poecilura may absorb yolk since they completely engulfed the EYS. Yolk uptake by
EGFs has not been verified for any species, but the uptake of a macromolecular tracer,
horseradish peroxidase (HRP) by the EGFs of the Atlantic sharpnose shark, R. terraenovae
has been experimentally documented (Hamlett et al., 1985b). Nonetheless, the primary
route of nutrient transfer during uterolactation of myliobatiform rays is regarded as
intestinal absorption through oral or spiracular imbibition of histotroph (Wood-Mason &
Alcock, 1891; Bearden, 1959; Hamlett et al., 1985a; 1996a).

Undoubtedly, when

comparing the change in estimated weights from uterine ova to term embryos,
myliobatiform rays exhibit extensive levels of matrotrophy. Unfortunately, adequate
comparisons between species are continually hampered by the use of non-standardized
methods of measurement (i.e., wet, dry, or organic weight), and with varying equations
used to calculate % change (Capapé et al., 1992, 2007; Capapé, 1993; Capapé & Zaouali,
1995; Seck et al., 2002; Hemida et al., 2003; Trinnie et al., 2009, 2012, 2014a, b;
Huveneers et al., 2011; Frazer et al., 2012). Regardless, ca. 1600 to 4000% change in
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organic weight has been calculated for several species, with additional extreme estimates
of over 5000-7000% changes in wet weights reported by Trinnie et al. (2012, 2014).
Preliminary reports of uterolactation in the yellow stingray, U. jamaicensis have
indicated that histotroph content is considerably lower in nutritional value than other
species of myliobatiform rays (e.g., D. americana and R. bonasus) (Henningsen et al.,
1999; Hamlett et al., 2005a).

Furthermore, during ultrastructural comparisons of

trophonemata, significantly fewer lipid droplets were reported in secretory crypt cells of
near term specimens of U. jamaicensis than D. americana (Hamlett et al., 2005a).
Urobatis jamaicensis seemingly has reduced levels of lipid histotrophy due to the
production of a dilute histotroph with lower lipid content.

However, preliminary

estimates of the change in wet weight of U. jamaicensis uterine ova to term stage
embryos surpasses those of species with reportedly higher quality histotroph (Hamlett et
al., 1985a, 1996a, 2005a; Fahy et al., 2007; Spieler et al., 2013). Thus, matrotrophic
contributions during the biannual cycle of U. jamaicensis, may result from quantity over
quality of histotroph, potentially due to sequential gestation periods with prolonged
glandular development and secretory activity.
4.1.5 Study Goals
The primary goals of this section of the dissertation research were to examine the
developmental changes of the uterine mucosa of U. jamaicensis, focusing on the
glandular structure of the endometrium and particularly trophonemata throughout all
stages of gestation during the biannual cycle. Furthermore, comparisons were conducted
on uteri to examine ontogenetic changes during maturational processes as well as to
examine bilaterally functional attributes to determine differences in structural
development between active and inactive uteri during both reproductive cycles.
Additionally, several females with unfertilized ova were examined to address
trophonemata

development

when

uterine

contents

lacked

presumed

embryonic/conceptus signals. Supporting ultrastructural observations with transmission
electron microscopy (TEM) of a late stage to near-term female, were also conducted to
verify the glandular and vascular structure of trophonemata during the latter stages of
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gestation. Finally, to estimate the level of maternal investment during embryonic
development, matrotrophic contributions of organic content were calculated to provide
comparisons with other histotrophic (myliobatiform) rays with varying reproductive
strategies.
4.2 Results
4.2.1 Structural Development of Trophonemata and Uterine Mucosa
Histological examination of female U. jamaicensis reproductive tracts was conducted
on a total of 77 specimens, which primarily consisted of mature animals (n = 70), few
immature (n = 3), and several additional specimens with unfertilized ova in the left uterus
during C2 (n = 4). Roughly an equivalent number of females (C1: 73, C2: 69) were sampled
to examine and compare both reproductive cycles. Additional comparisons were made
between the contralateral uteri of females that had functionally active left reproductive
tracts, and either non-developed or mature but inactive right reproductive tracts
(primarily during C2). Additionally, during C2 the paired uteri of a single female (#56) that
exhibited only the right uterus actively gestating was sectioned for comparison with the
functionally mature, but inactive left uterus. Only two females sectioned (one from each
cycle, #279 - C1 and #144 - C2) were considered solely postpartum (U6), as both exhibited
a concave dorsum, distended uteri, and contained ovarian follicles of reduced sizes with
the largest follicle diameter (LFD) measuring < 10 mm. The uterine stage for all remaining
mature, non-reproductive females was either U3 or demonstrated a combination of U3/6
as evident from uterine condition, sunken dorsum or witnessed parturition, and with LFD
status (> 10 mm). The sections are presented individually in order of the uterine index
(Table 2.2), with both reproductive cycles compared for each stage of gestation,
functional lateralization of uteri, and developmental aspects of immature (U1-2)
specimens.
The left uterus of U. jamaicensis matured earlier and was unilaterally functional in
smaller females (< 150 mm DW) during both reproductive cycles. Thus, it was common
to see pregnant females with an active left uterus and a right uterus that was either
undeveloped or slightly expanded without any signs of previous use (i.e., not distended
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from earlier gestation). Since fecundity increased with maternal size during C1, bilateral
uterine function was typical of larger sized females and allowed them to accommodate
larger broods (refer to Chapter 3). However, since fecundity subsequently decreased
during C2, functional lateralization of the left uterus occurred once again, regardless of
maternal size.
4.2.1.1

Immature Females, Early (U1) and Advanced (U2) Developing Stages

Female specimens during the early immature (U1) stage displayed undeveloped uteri
that were thin, strap-like, and flaccid with short mucosal projections (< 1 mm). Uterine
diameters were initially small (< 4 mm) with oviducts marginally differentiated into
individual organs. Occasionally, uteri remained thinner than the developing ipsilateral
oviducal gland (OG) or displayed similar diameters with only a slight constriction situated
between both developing organs. The width of the uterine wall was noticeably thin, and
the reduced size of developing trophonemata gave the appearance of a moderately
enlarged or “less-occupied” lumen.

Whereas, uteri of advanced stage immature

specimens (U2) gradually expanded (ca. 4-8 mm) during maturational development, and
contained more robust and elongated trophonemata (3-5 mm) that profusely occupied
the lumen.
The smallest immature female (#162) histologically examined, contained
trophonemata that were noticeably thinner and reduced in length (ca. 500-750 µm) than
maturing U2 specimens (ca. 1000-1750 µm) (Figure 4.1A-B). Trophonematal vasculature
was disorganized and limited to scattered capillaries with occasional observations of small
arterioles or venules. Trophonemata consisted of a uniformly arranged simple, columnar
epithelium that contained ovoid, euchromatic nuclei with patchily distributed
heterochromatin that were situated basally in the lower third of cells. Trophonemata
were completely aglandular, however, limited adenogenesis (gland formation) initially
occurred between trophonemata from invaginations of the luminal endometrium,
forming shallow glandular pits or basal crypts (Figure 4.1C-D). The columnar cells of basal
crypts were slightly elongated, with apical regions either having basophilic secretory
vesicles, or a clear, “frothy” cytoplasm. A second population of ciliated cells occurred
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intermittently between secretory cells with smaller, round and slightly heterochromatic
nuclei in the apical portions of cells. A similar epithelial pattern persisted within luminal
ridges and the expansive flattened regions between trophonemata and basal crypts.
Ciliated cells were not observed in proliferating trophonemata, but may have been
present in smaller specimens at earlier stages of development. Nonetheless, evidence of
secretory activity was provided throughout portions of the entire surface epithelia with a
hazy, acidophilic matrix surrounding the rounded apices of the luminal, ridge and
trophonematal columnar epithelial cells.

Thus, the entire endometrium actively

participated in the secretion of some uterine fluids.
Subjacent to the basement membrane of the endometrium, was a thin layer of highly
cellular, areolar connective tissue with continuous extensions that also formed the
stromal core of each trophonema (Figure 4.1A-B, E-F). Abundant collagen fibers were
also situated among and between the individual smooth muscle fibers of the surrounding
muscularis (myometrium). The myometrium consisted of modestly thick inner, circular
and outer, longitudinal layers of smooth muscle during both immature (U1, 2) stages. The
basic trophonematal structure remained the same during the U2 stage with an extensive
stromal core, uniform simple columnar epithelium, and reduced vascularization (Figure
4.1E). However, the vascular components of trophonemata were more recognizable in
maturing U2 females. Their luminal mucosa consisted of a low columnar epithelium with
slightly larger, euchromatic nuclei that appeared more round than U1 stage nuclei. The
epithelium of basal crypts exhibited considerably taller columnar cells, which contained
numerous, lightly stained secretory droplets in the supranuclear cytoplasm (Figure 4.1D).
4.2.1.2

Pre-Ovulatory (U3) and Post-Partum (U6) Females

During the brief non-reproductive periods between cycles, females generally
exhibited signs of both vitellogenic preparation for the subsequent ovulatory cycle (U3)
and recent parturition (U6). However, minor differences in the uterine structure of some
specimens occurred due to functional lateralization (i.e., only the left uterus was mature
for smaller females), and patterns of uterine fecundity (i.e., left uterine contents were
usually higher). Histotroph production commenced prior to ovulation in females with
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enlarged follicles, and these early secretory processes resulted in the partial expansion of
unilaterally or bilaterally mature uteri by uterine fluids. In most smaller-sized rays only
the left uterus was mature and produced histotroph, whereas the right uterus typically
remained undeveloped in the U2 condition. Development of the right uterus increased
with larger size classes, and had a transitional level of complexity in vascular and glandular
attributes between mature uteri that were never gravid and inactive uteri that were
previously gravid (see uterine stages below for comparisons).
The uterine walls of non-gravid, females were increased in thickness and considerably
larger than gravid stages while recovering from extensive distention during the previous
gestation period. The myometrium doubled in size from immature stages, and remained
arranged as inner circular and outer longitudinal layers of smooth muscle fibers (Figure
4.2A-B). The lamina propria was more substantial and highly cellular, consisting mostly
of a layer of disorganized, collagen fibers and fibroblasts that extended into mucosal
ridges, and continued to form the stromal core of trophonemata. Additional stromal
tissues were profusely interspersed, between bundles of smooth muscle fibers of the
myometrium (Figure 4.2A-B, F). Throughout the endometrium, the subepithelial network
of capillaries was apparently undergoing angiogenesis and presumably either non-patent
or stenotic, as numerous, small blood vessels were frequently devoid of erythrocytes and
other formed cellular elements.
Trophonemata were moderately elongated (4-7 mm), and the central vein and
peripheral arteries were relatively small and surrounded by extensive stromal tissues
(Figure 4.2D). Peripheral arteries were additionally invested with a single layer of smooth
muscle and associated with an array of numerous capillaries. The trophonemata and
uterine mucosa of these stages had a simple cuboidal epithelium with round, euchromatic
nuclei, although cells overlying subjacent vasculature were flattened or occasionally
reduced to a simple squamous epithelium (Figure 4.2C-D). The regenerating tissues of
some females that may have recently given birth, had an irregular cuboidal epithelium
with scattered layers of cells intermixed with numerous capillaries (Figure 4.2E-F). The
luminal epithelium transitioned to a low simple columnar epithelium as secretory traits
205

reemerged. Basal crypts were continuously present, but exhibited additional remodeling
as deeper portions formed tubular recesses with a tall columnar epithelium and basal,
ovoid nuclei (Figure 4.2F). Secretory activity of the endometrium was concentrated
within the basal crypts and general luminal epithelium, whereas adenogenesis of
trophonemata was limited to elongation of columnar cells, followed by the onset of
epithelial budding and invagination during the initial formation or regeneration of
glandular acini (Figure 4.2A-E). Both the trophonemata and basal crypts were moderately
well vascularized. Trophonemata were structurally similar between both reproductive
cycles (C1 vs. C2), however glandular development was slightly more advanced leading
up to C1 (Figure 4.2C-E). The general endometrium, which includes the basal crypts,
trophonemata and the intervening luminal mucosa consistently exhibited cells with
secretory traits, however, basal crypts were the primary glandular structures prior to
ovulation.
Postpartum females (U6) were uncommon, however uterine tissues generally
resembled the U3 condition with marginal levels of adenogenesis. The majority of
mature, non-reproductive (NR) females were simultaneously pre-ovulatory and
postpartum in uterine condition, and consistently displayed evidence of recent mating
activity with numerous copulatory bites and an increased prevalence of uterine sperm.
Sperm bundles were primarily recorded from the lumina of basal crypts, however it
remains uncertain if they were embedded within the secretory cells during any spermepithelial interactions (for more on the occurrence and distribution of sperm in the
female reproductive tract, see Chapter 5).
4.2.1.3

Post-Ovulatory (U4) Females

Following ovulation, uterine ova were clearly visible through the thin, distended, (and
semi-transparent) uterine wall as production of histotroph increased. The diameter of
fluid-filled, post-ovulatory (U4) uteri were noticeably larger (ca. 20-30 mm) than U3, but
comparable in size to that stage when ovulatory processes were still ongoing and uterine
contents were reduced (i.e., only a single ovum). During C1, mature uteri were bilaterally
expanded with uterine fluids, regardless if only one side had already received ovulated
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ova. Nonetheless, the left uterus was typically larger in diameter as fecundity was
characteristically increased, and ovulation had likely occurred earlier. Uterine ova were
generally unencapsulated, however egg capsule remnants that partially covered the
uterine contents were occasionally recorded. During C2, only the left uterus was typically
active, however, inactive mature right uteri had also accumulated limited quantities of
histotroph.
The lamina propria and muscularis were moderately reduced, in comparison with U3,
as post-ovulatory tissues became progressively thinner with the distension of gravid uteri
(Figure 4.3A-B). Basal crypts continued to exhibit glandular activity, and occasionally
developed compound acini. A simple columnar epithelium extended throughout most of
the endometrium, lining the mucosal ridges and recesses of basal crypts.

The

subepithelial vasculature remained prevalent, but was more pronounced within mucosal
ridges and smooth expanses of the luminal mucosa (Figure 4.3E). These regions were still
undergoing postpartum remodeling and exhibited a simple cuboidal epithelium, which
resembled the U3/6 condition (Figure 4.3F). Nonetheless, trophonemata were further
elongated (ca. 5-8 mm), and the stromal core was reduced as glandularization increased.
The secretory crypts of trophonemata also consisted of a simple columnar epithelium,
however cells within basal portions of formed acini were considerably taller and had signs
of increased secretory activity (Figure 4.4A-D). In secretory cells actively synthesizing or
releasing stored materials, the supranuclear cytoplasm varied from clear and “frothy” to
a lightly stained with small, eosinophilic vesicles. Occasionally, secretory cells with apical
blebs occurred in clusters, particularly within the mucosal ridges.
Subsequent to initial elongation of columnar cells, adenogenesis of trophonematal
secretory crypts showed the continued downgrowth and invagination of epithelial cells.
The spaces between downgrowths in proximal regions of trophonemata were
characterized by vacuolated areas situated within the developing ridge epithelium. These
vacuolated sites represented either an incipient or regenerating network of
(subepithelial) capillaries that would eventually encompass the glandular epithelia (Figure
4.3C-E).

Although adenogenesis was incomplete, definitive secretory crypts were
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noticeably more developed in distal portions of trophonemata (Figure 4.4A-D). The
columnar epithelium abruptly transitioned into cuboidal cells within the neck of secretory
crypts.

The cuboidal epithelium subsequently became laterally attenuated and

oftentimes reduced to a simple squamous epithelium within the trophonematal ridges
between adjacent secretory crypts. The subjacent vasculature within these ridges was
closely apposed to the thin overlying epithelium, which reduced the diffusional distance
for respiratory exchange. The lumina of central axial veins and peripheral arteries of
transversely sectioned trophonemata were reduced in size in comparison to advanced
stages of gestation (see below) and embedded within moderate amounts of connective
tissue (Figure 4.4D).
Additional comparisons between bilaterally active uteri from the same specimen
(#196) during C1, exhibited obvious differences in the arrangement of stromal tissues,
thickness of the myometrium, and structural development of trophonemata (Figure 4.3AB). Following distention by an increased volume of histotroph, the diameter and contents
of the left uterus was marginally larger (21.21 mm with 2 ova) than those of the right
uterus (18.11 mm with 1 ovum). The muscularis, particularly the inner circular layer was
noticeably compressed and separated by less intermittent stromal tissues within the
thinner uterine wall of the left uterus. The left uterus also contained trophonemata that
was structurally more advanced in condition (Figure 4.4A-B), which suggests that
variations may exist as a result of the timing of ovulation, uterine fecundity, and the active
or inactive status of uteri during the previous cycle. Since U4 uteri during C1 were
moderately more advanced than C2, these observations may further support a delay in
uterine development associated with reduced fecundity and inactivity of the right uterus.
4.2.1.4

Early Stage Gestation (U5a) Females

Embryogenesis during the early stages of development ranged from initial axial
formation with elongation of body cavity and gastrulation, to small-sized embryos (< 50
mm TL) with partial lateral expansion of pectoral fins and batoid-like morphologies (see
Figure 4.25 for complete series of developmental stages). During the advanced stages of
U5a, pectoral fins were incompletely fused anteriorly with the rostrum, whereas the
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transient EGF became fully developed (ca. 30 mm in length). Additionally, the rate of EYS
depletion accelerated, which also coincided with the onset of EGF regression. Uteri were
marginally expanded (ca. 25-35 mm) in comparison with U4, and histotroph production
during C1 was more pronounced with elevated levels of fecundity. Although inactive,
mature uteri initially retained uterine fluids during C2, inactive uteri of females in
advanced U5a condition were empty and flaccid, though still enlarged from recent
distention. Trophonemata remained similar in size to U4 females (ca. 5-8 mm). The
remnants of egg capsule material (or tertiary egg envelope) were recorded for gravid U5a
females, and were either partially surrounding the conceptus or loosely scattered within
the uterine lumina. However, more intact or better preserved membranous casings
typically occupied inactive uteri, supporting the supposition that a simultaneous secretion
of capsules from paired oviducal glands (OG) occurs, regardless if only a single uterus
receives ovulated ova (Figure 4.5A-B).
The EGFs of an early stage embryo (ca. 15 mm TL) were marginally developed and
displayed a proximally, flattened simple cuboidal epithelium, which progressively
transitioned to a simple squamous epithelium distally (see Figure 4.26A-B). The EGF
vasculature consisted of a single sinusoidal loop, comprised of a thin squamous
endothelium with the presence of red blood cells. The trilaminar extraembryonic
blastoderm surrounding and forming the EYS of an early stage embryo, had a layer of
endoderm, with a simple cuboidal to low columnar epithelium, whereas both the
ectoderm, and the vascular endothelium of the intermediate mesoderm (i.e., vitelline
circulation) were each comprised of a thin, simple squamous epithelium (see Figure
4.26C-D). The more developed endodermal layer possessed cells with large, round nuclei
that nearly occupied the entire cell. Endodermal nuclei were euchromatic to lightly
basophilic, and displayed patchy heterochromatin and prominent nucleoli. Scattered
nuclei of endodermal cells were considerably larger than those of surrounding cells, yet
there was evidence of both cell types detaching from the basement membrane and
entering into the yolk syncytial layer (YSL) (see Figure 4.26D). Yolk nuclei were abundant,
and these remnants of the detached endoderm cells appeared to either enlarge or merge
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and form larger polyploidy nuclei as they migrated away from the endoderm, eventually
residing within the peripheral yolk mass.

The vitelline circulation, formed from

mesodermal tissues, established numerous recesses or folds within the endodermal layer,
which extended through the YSL and into the peripheral yolk mass. Epiboly was
incomplete (ca. 75%) at this stage of development with the leading edge of
extraembryonic blastoderm tissues abruptly transitioning into an avascular membrane
bound yolk mass (i.e., transforming periblast tissues) which lacked yolk nuclei of the YSL.
The muscularis of gravid females was similar to post-ovulatory (U4) females, whereas
their basal crypts and trophonemata were considerably more developed (Figure 4.6). The
myometrium of U5a females remained thin, however the inner circular layer in particular
was somewhat disorganized as fascicles were once again moderately dispersed. The
secretory activity of complexly organized basal crypts increased within gravid uteri, and
began to form enlarged recesses with compound acini. The simple columnar epithelium
of basal crypts exhibited distinct secretory traits that consisted predominantly of cells
with a “foamy” cytoplasm and intermittently scattered basophilic cells (Figure 4.7A-B).
Occasionally, clusters of apocrine secretions were released from cells of basal crypts, and
apical blebs also occurred within the ridge epithelium and flattened regions of the general
endometrium (Figure 4.6E). The simple columnar epithelium of trophonemata was
oftentimes, directly continuous with basal crypts, and had more widespread levels of
adenogenesis (Figure 4.7A). Proximal regions of trophonemata formed deeper and more
tubular glandular pits, whereas distal regions continued to display the most developed
acini. Secretory crypts of trophonemata were generally larger, and started to form
compound acini with increased secretory activity.

The ridge epithelium between

secretory crypts of trophonemata was less attenuated than previous stages, and
consisted of a flattened cuboidal layer (low columnar with less developed acini) that
remained heavily vascularized. The primary uterine vasculature was increased, especially
the axial vein and peripheral arteries of trophonemata with elevated levels of eosinophilic
granulocytes in the surrounding stromal tissues (Figure 4.7C-D). Conversely, basal crypts
and trophonemata from inactive uteri were predominantly vascular with a compressed
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cuboidal to squamous epithelium, and trophonemata had shallow pits that failed to
completely form secretory crypts (Figure 4.7E-F).
The muscularis was easily distinguished between active (thin) and inactive (thick) uteri
from the same individual, whereas glandular structures had intermediate levels of
development, between active U4 and U5a uteri (Figures 4.3-4.4, 4.6C-D). During C2, the
active uterus of gestating females was considerably more glandular than the
contralaterally inactive uterus. The luminal contents of inactive uteri were limited to
empty capsular material with sparse levels of histotroph. Glandular patterns suggest
embryonic signals are required to continue adenogenesis, as trophonemata were
structurally reduced, but exhibited signs of previous development during C1. Also basal
crypts were more complex in anterior regions of the uterus, where the oviducal gland
meatus extends through a substantially muscular sphincter, forming another cervix-like
aperture (see Chapter 5). There were signs of moderate glandular development in
maturing uteri that had never been used, but they remained uniform in structure and
resembled an advanced U2 condition with a simple low columnar epithelium and
modestly developed basal crypts (Figure 4.6E-F).
4.2.1.5

Middle Stage Gestation (U5b) Females

The anterior fusion of pectoral fins was completed early during stage U5b; with
continued lateral expansion, and the formation of a fully proportional, rounded disk by
middle to advanced portions of the stage (see Figure 4.25E-G). Dermal pigmentation first
occurred during the terminal phase of stage U5b, but most embryos remained semitransparent with developed gill chambers, small livers and very large spiral valves that
were clearly visible through the ventral and dorsal surfaces. The EYS was further
depleted, and the yolk stalk connected directly to the pyloric-duodenal junction. There
was no formation of an internal yolksac (IYS). The onset of spiracular flap formation began
as small, horn-like protuberances, and EGF were completely regressed for embryos of 8590 mm TL. The diameter of active uteri increased and was considerably larger during C1
(ca. 40-45 mm), due to elevated fecundity and substantial embryonic growth.
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The muscularis resembled the previous U5a condition, however stromal tissues
became further reduced, with only a scant layer of collagen fibers and fibroblasts forming
the lamina propria and core of trophonemata (Figures 4.8A-D, 4.9A-D). Adenogenesis of
both the basal crypts and trophonemata was more prominent during the latter portions
of the stage, and became extensively developed with increased secretory activity. Basal
crypts formed enlarged, complex recesses with compound acini that resembled inverted
trophonemata (Figures 4.8A, 4.9C). Trophonemata were elongated (7-11 mm) with a flat,
blade-like structure that began to widen proximally and form foliated, undulating
structures. Euchromatic nuclei were large and round with prominent nucleoli and
patchily distributed heterochromatin and were situated basally in columnar cells and
centrally in cuboidal cells. These cells formed extensive linear arrays of small secretory
vesicles within the supranuclear cytoplasm; flocculent lipid-like inclusions were also
abundant (Figure 4.9D).

Additionally, intraepithelial lymphocytes were frequently

observed and eosinophilic granulocytes were increasingly prevalent within the
trophonematal vasculature. The peripheral arteries and axial vein of trophonemata were
more prominent, however the subepithelial network of capillaries in both the luminal
mucosa and trophonemata remained covered by a flattened cuboidal epithelium within
the mucosal ridges (Figure 4.9A, D).
The muscularis of inactive uteri was dramatically thicker than gravid uteri, and nongravid uteri were still primarily occurred on the right side during C2. However, a single
female (#56) had an atypically reversed gravid condition, whereby only the right uterus
was active and contained a single embryo (Figure 4.8E). In this animal, the inactive left
uterus was slightly advanced in glandular budding and elongation of columnar cells than
the inactive right uteri of other females (Figure 4.8B, D). Nonetheless, the condition of all
mature and inactive uteri remained essentially vascular, with similar levels of
development. The continued presence of egg capsule membranes was noted during gross
examinations of inactive uteri, with further histological evidence of moderate to
extensive levels of degeneration. Remnants of the egg capsule from the inactive left
uterus (#56) was actively undergoing degradation (Figures 4.8F, 4.9E), whereas the
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membrane from an inactive right uterus (#236) was still somewhat intact (Figure 4.9F).
During C1, the structure of the inactive right uterus of one female was substantially
reduced in comparison with the contralaterally active uterus from the same animal
(Figure 4.8A-B). The right uterus appeared immature or never used, had limited basal
crypt activity, and trophonemata were restricted to vascular strands with marginally
elongated columnar cells.
4.2.1.6

Late Stage Gestation (U5c) Females

Embryos continued to increase in both size and weight, with dermal pigmentation
becoming further developed and nearly complete by the transition to near-term (U5d)
stage (see Figure 4.25H-J). The EYS was essentially depleted with only remnants of the
yolk stalk and yolksac typically present or completely absorbed. The appearance of any
remaining yolksac contents during the final stages of depletion was that of a small, gold
colored mass that resembled an atretic ovarian follicle. The spiracular flaps became
enlarged, and achieved peak sizes during the final portion of late stage development (see
Figure 4.25J). The diameters of active uteri increased further (35-51 mm) with continued
embryonic growth and histotroph production. Developing embryos and trophonemata
were clearly visible through the uterine walls (Figure 4.10A). Furthermore, distention of
the extremely thin and transparent walls of gravid uteri, revealed large expanses of
seemingly bare mucosa between dense columns of trophonemata.

Whereas, the

contracted uteri of rays with depleted contents (parturition or removed) had densely
arrayed trophonemata that profusely lined the entire endometrium and continued to
produce copious amounts of clear histotroph (Figure 4.10B).
Trophonemata of U5c uteri achieved maximum lengths (ca. 10-20 mm), exhibited
peak levels of adenogenesis, and were highly vascularized. Images of fresh tissues
captured with a high powered dissecting scope, revealed that the vascular arrangement
of each trophonema consisted of paired peripheral arteries, a single axial vein, and
contained extensive garland capillaries that interconnected and surrounded the mouths
of each glandular pit (Figure 4.10C-E). Occasionally, peripheral arteries remained singular
and lateralized (i.e., no basal bifurcation), but eventually extended a medially placed
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communicating arteriole to the opposite side of the trophonema. Subsequently, the
communicating blood vessel bifurcated and formed two smaller arterioles that flowed in
opposite directions to perfuse the contralateral side of the trophonema (Figure 4.10C, E).
Uterine development of the muscularis and stromal tissues was similar to the previous
U5b stage, with the most noticeable differences involving the increased complexity of
both basal crypts and secretory acini of trophonemata from active uteri (Figure 4.11A-D).
The patterns of secretory activity were variably associated with basal crypts and the
mucosal ridge epithelium and appeared to transition proportionally from merocrine (e.g.,
lipid-like inclusions and eosinophilic granules) to apocrine (e.g., apical blebs) secretions.
Likewise, merocrine and apocrine secretions were also extensively produced by secretory
acini and ridge epithelium of trophonemata during each cycle (Figures 4.11E-F, 4.12A-B).
However, trophonemata were slightly more developed during C1 than C2 when gravid
uteri with equivalent sized embryos were compared between cycles (Figures 4.12C-F,
4.13A-B). Desquamative attributes, such as tissue sloughing and cellular debris, also
indicated the onset of holocrine secretions for some specimens (particularly during C2)
(Figure 4.12A-B). Thus, endometrial tissues exhibited all three forms of exocrine secretion
during late stage development.
The

secretory

epithelium

throughout

the

endometrial

tissues

remained

predominantly simple columnar with round, euchromatic nuclei that were basally
situated, and contained patchy regions of condensed heterochromatin and prominent
nucleoli (Figure 4.13A-B). Columnar cells that formed basal crypts or composed the
uterine luminal mucosa were often elongated, but gradually became truncated as cells
were reduced to a low columnar or cuboidal epithelium during the onset of degenerative
processes (Figures 4.11E, 4.12A-B). The lamina propria surrounding the basal crypts and
mucosal ridges was more robust and highly cellular within these regions, particularly
among inactive uteri (Figure 4.13C-D). The tall, columnar cells forming trophonematal
secretory acini were packed with lightly stained, (lipid-like) secretory granules within the
supranuclear cytoplasm, which gave the cells a “frothy” appearance (Figures 4.12E-F,
4.13A-B). A halo of basophilic cytoplasm surrounded the basal nuclei, which suggested
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an elevated concentration of ribosomes associated with the rough endoplasmic reticulum
(RER) typical of protein secreting cells (Gartner & Hiatt, 2006). Cells positioned apically
within the neck of trophonematal glands abruptly transitioned into cuboidal cells, and
contained small, and darker staining, eosinophilic secretory granules. The limited surface
of trophonematal ridge epithelium situated between acini was flattened and oftentimes
reduced to simple squamous. Numerous lipid-like, secretory droplets and eosinophilic
apical blebs were actively secreted from trophonematal glands (Figures 4.11F, 4.12E-F,
4.13A-B). The secretory activity of most trophonemata cells was elevated, with only the
marginal epithelial and stromal tissues surrounding the peripheral arteries, noticeably
aglandular (Figure 4.13E).
Uterine vasculature was noticeably increased during the advanced phase of stage U5c
with the subepithelial capillary network of basal crypts and ridge epithelium undergoing
extensive angiogenesis (Figures 4.11E, 4.13C). The peripheral arteries of trophonemata
were encompassed by numerous enlarged distributing arterioles, which perfused the
efferent segments of garland capillaries (Figures 4.10F, 4.13E). The diffusional distance
for respiratory exchange was dramatically reduced as there was little to no intervening
stromal tissues situated between juxtaposed squamous layers of the overlying
trophonematal ridge epithelium and the thin squamous endothelium of dilated, sinusoidlike, continuous capillaries (Figures 4.12F, 4.13A-B).
Histological examination of inactive, mature uteri revealed structurally reduced
endometrial tissues, with limited adenogenesis of basal crypts and trophonemata that
were essentially aglandular (Figures 4.11B, D; 4.13D, F).

Occasionally, portions of

degenerative egg capsules were still present and observed between trophonemata
(Figure 4.13F). The subepithelial network of capillaries within the uterine mucosa was
moderately extensive, however it remains uncertain if they are the remnants of increased
endometrial vascularization during the previous cycle, or if renewed but short-lived
angiogenic processes initially occurred. All endometrial tissues (uterine mucosa, basal
crypts and trophonemata) of inactive uteri consisted of a simple cuboidal epithelium. The
structural variation displayed by inactive uteri was again best represented by the
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contralateral comparison of uteri from the same individual when only a single uterus was
active (Figure 4.11A-D). Most females during C2 with unilaterally active left uteri, also
exhibited signs of mature uteri with recent parturition on the right side. Trophonemata
from immature uteri (or mature uteri that have never been used) had extensive stromal
tissues with a simple cuboidal to low columnar epithelium.

Occasionally, cellular

elongation occurred in regions of incipient gland formation with corresponding evidence
of angiogenesis to establish developing vascular ridges (as discussed earlier).
4.2.1.7

Near-Term Stage Gestation (U5d) Females

Near term embryos attained sizes typically larger than 125 mm TL, were fully
proportional, and had enlarged spiral valve intestines that protruded from the abdominal
cavity and contained greenish-hued concretions.

The embryonic spiracular flaps

gradually reduced in size, however resorption was partially to nearly complete for most
U5d embryos (Figure 4.14A-B). Dermal pigmentation and dorsal color pattern were also
nearly complete (Figures 4.14B, see 4.25K-L). Uterine diameters were further enlarged
with additional distension, as histotroph production continued and the size of embryos
was increased. During C1, the paired uteri of gravid females were both typically active
and measured between 45-59 mm with uterine contents. During C2, the diameter of
active, left uteri remained elevated (ca. 48 mm), whereas right uteri were generally
inactive, and measured less than 10 mm in width. The myometrium of mature, inactive
uteri, particularly the outer longitudinal layer was roughly double the size of
contralaterally active uteri (Figure 4.15A-D). Length of trophonemata was similar to U5c
(ca. 10-20 mm), however, progressive morphological complexity with proximal
broadening and additional foliated undulations, further increased the total surface area
for respiratory and trophic exchange.

However, some stage U5d females with

transitionally-sized offspring (ca. 120-129 mm TL) had trophonemata that were either
curled and ribbon-like, or long and blade-like, within the same individual.
The degenerative phase of the endometrial cycle was further progressed, even though
uterine tissues remained moderately glandular (Figure 4.15E-F). Uterine condition was
similar to stage U5c, however tissue sloughing was more extensive, and there was an
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increased occurrence of eosinophilic granulocytes throughout the microvasculature and
surrounding lamina propria (Figure 4.16A-F). Basal crypts formed complex, stellate
lumina that appeared narrow and somewhat collapsed, when viewed tangentially
(Figures 4.15B, 4.16A-B). The basal crypts were reduced to a simple low columnar or
cuboidal epithelium; with nuclei becoming more heterochromatic and diminished in size
as degenerative conditions prevailed. The extent of stored secretory vesicles and
merocrine glandular activity was noticeably reduced, however, apocrine secretory blebs
from basal crypts and adjacent ridge epithelium persisted throughout stage U5d (Figure
4.16A-D). Trophonemata were visibly more glandular than basal crypts, but also had
recognizably decreased levels in both structure and secretory activity (Figure 4.16C-E).
Advanced stage U5d females had declining glandular patterns, with a simultaneous
increase in uterine vascularization. Larger sized blood vessels with profuse capillaries
were concentrated in the luminal ridge epithelium but more dispersed among basal
crypts. The primary blood vessels of trophonemata (i.e., axial vein and peripheral
arteries) were prominent and noticeably larger in diameter. The surrounding garland
capillaries formed dilated, “sinusoid-like” vessels, which often protruded from the apices
of trophonematal ridges and were overlaid by a thin, laterally attenuated, simple
squamous epithelium (Figure 4.16C-E).
Ultrastructural observations of near term trophonemata with transmission electron
microscopy (TEM) verified that columnar cells within glandular acini exhibited low to
moderate levels of secretory activity with a mixture of electron dense and electron lucid
secretory vesicles scattered throughout the apical cytoplasm (Figure 4.17A-D). The extent
of secretory vesicles varied both among and within individual cells and became further
reduced within simple cuboidal epithelia of trophonematal ridges, and was essentially
depleted from attenuated squamous cells overlying the expanded ridge vasculature
(Figure 4.18A-D). The ultrastructural organization exhibited attributes indicative of
“classic” protein secreting cells (i.e., round euchromatic nucleus, abundant free
ribosomes, profusely distributed rough endoplasmic reticulum, prominent supranuclear
Golgi complexes, ample mitochondria and membrane limited secretory vesicles), which
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corroborated observations from light microscopy (Figures 4.17B; 4.18A). The luminal or
apical surfaces of cells were joined by elongated tight junctions (zonula occludens), with
the limited occurrence of intermediate junctions (zonula adherens) and spot desmosomes
(macula adherens) forming junctional complexes (Figure 4.17A, C). Desmosomes were
occasionally recorded from regions of the basolateral cell membrane within close
proximity of the subjacent vasculature, forming adhesions that interfaced with dilated
intercellular spaces (Figure 4.18C).
The apical domain of trophonematal epithelial cells possessed scant levels of short
microvilli that extended downward into secretory crypts, but remained more prevalent
among the cuboidal ridge cells. Lateral cell membranes were mostly smooth with few
interdigitating folds, whereas basolateral segments often had sizeable dilated
intercellular spaces with occasional membranous extensions (Figures 4.17B, D; 4.18A-D).
These larger dilated spaces were predominantly located at regions of developing
respiratory foci, where the overlying trophonematal ridge epithelium was in the process
of transitioning from simple cuboidal (Figure 4.18C) to laterally attenuated cuboidal cells
(Figure 4.18A), and ultimately to an elongated simple squamous epithelium (Figure 4.18B,
D).

Thus, the diffusional distance between the uterine fluids (histotroph) and

trophonematal ridge vasculature for respiratory exchange was reduced to a thin
squamous epithelium that rested on a singular or composite basal lamina, with a thin
intervening lamina propria containing sparse collagen fibers, and the continuous
endothelium of the dilated sinusoid-like capillaries. Attributes associated with a transport
membrane (i.e., dilated intercellular spaces, micropinocytotic vesicles or caveolae within
endothelium) also occurred in regions with attenuated squamous epithelia, and were
predominantly recorded within the thin endothelium of ridge associated garland
capillaries and sinusoids. These observations suggest that the predominant secretory
condition of trophonemata was functionally transitioning to that of an increased role of
respiratory exchange, with further restricted signs of fluid transport (i.e., ionic and
osmotic regulation of histotroph). Nonetheless, secretory crypts and attenuated cuboidal
ridge cells continued to provide nourishment (or at least synthetic activity), as cells
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remained secretory with abundant rough endoplasmic reticulum and moderate levels of
secretory vesicles.
4.2.1.8

Term Stage Gestation (U5e) Females

Term stage embryos typically measured between 140-160 mm TL, dorsal
pigmentation and color pattern were complete, and spiracular flaps were mostly or
entirely resorbed, with only a small nodule of unpigmented tissue extending into the
spiracles (Figures 4.19A; see 4.25M-N). The abdominal cavity of stage U5e embryos
remained considerably distended, however spiral valve concretions (viewed with
radiography) were proportionally reduced from earlier stages (Figure 4.19B-C). The uteri
of gravid specimens were considerably enlarged (60+ mm in diameter), with extensive
dorsal convexity during C1, whereas, the left uterus typically extended contralaterally and
occupied the entire abdominal cavity during C2. Developing embryos were more readily
viewed in intact specimens, as gravid uteri became increasingly distended, and
transparency of the thin uterine walls increased. However, the expansion of term stage
uteri appeared primarily due to embryonic growth, as histotroph levels were noticeably
reduced. Trophonemata of term stage females were positioned in dispersed bands with
a large separation of bare tissue (>20 mm) occurring between adjacent bands. Upon
removal of broods, the uteri quickly retracted and once again formed dense clusters of
trophonemata that appeared to line the entire mucosal wall. Trophonemata remained
highly vascular (i.e., bright red), however maximum lengths were moderately reduced (ca.
8-12 mm) and they appeared structurally less complex with noticeably thinner apical
segments.
Histological examination revealed the endometrial tissues consisted predominantly of
a simple, cuboidal epithelium with small, round euchromatic nuclei and patchy
heterochromatin (Figures 4.20A-E, 4.21A-E). However, the general mucosa often had
attenuated columnar cells undergoing degeneration. The extensive levels of holocrine
secretory activity resulted in widespread sloughing of endometrial tissues throughout the
general uterine mucosa, basal crypts and trophonemata (Figures 4.20A, C; 4.21B). The
basal crypts were narrow and partially collapsed, whereas trophonematal secretory
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crypts were essentially depleted. Cellular debris was profusely shed from endometrial
tissues and dispersed throughout the uterine lumen (Figures 4.20F; 4.21B, D).
Presumably, the cellular debris was incorporated into the histotroph with the remaining
secretions and eventually ingested. Marginal levels of merocrine and apocrine secretory
activity persisted, but were primarily restricted to individual cells within and surrounding
the basal crypts (Figure 4.21B-D). The extent of degenerative traits in combination with
near exhaustion of glandular or secretory patterns, suggested a cessation of matrotrophic
conditions during the completion of the endometrial cycle. Nonetheless, small amounts
of opaque and reddish colored uterine fluids were continuously noted during postprocedural examinations (i.e., following dissection with dilatated parturition) of stage U5e
females, which suggests that endometrial tissues and blood cells are mixed with limited
secretions of histotroph. The inactive right uteri of females examined during C2 were still
maturing (U2) and only partially developed with a low columnar epithelium and no signs
of previous use, whereas both uteri were active for stage U5e females during C1 (Figures
4.20B, D; 4.21F).
The trophonemata of stage U5e females were fundamentally aglandular, but
remained highly vascularized structures with support from profuse stromal tissues
(Figures 4.20A, C, E-F; 4.21A, E). The previous glandular portions of trophonemata were
now occupied by stratified layers of subepithelial capillaries that were occasionally
interrupted by shallow remnants of glandular pits (Figures 4.20F; 4.21E). The peripheral
arteries and axial vein of trophonemata had achieved maximum sizes, and the primary
uterine vasculature also persisted as enlarged vessels situated between both layers of the
muscularis (Figures 4.20A, E-F; 4.21A, C-D). The arterioles and capillaries surrounding the
peripheral arteries revealed numerous origins of the extensive efferent vascular network
that ramified throughout each trophonema (Figure 4.21C-E). The majority of the reduced
epithelium remained overlying these capillaries, and the respiratory barrier was limited
to a simple squamous epithelium, with little to no intervening connective tissues of the
LP, and a greatly reduced endothelium (Figure 4.21C-E). Increased vascularization and
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retention of epithelial reductions, likely played an essential role in respiratory exchange
for the large fetuses during the peri-partum period of gestation.
4.2.1.9

Unfertilized Uterine Ova

Females containing unfertilized uterine ova were uncommon, some occurred during
C1 (n = 3) with unilaterally failed fertilizations in the right uteri, whereas several females
(n = 4) during C2 had completely failed reproductive events with deteriorating eggs in the
left uteri. Limited histotroph production continued from the pre-ovulatory stage (U3) and
persisted into latter stages of development, thus uteri with unfertilized eggs remained
marginally expanded (ca. 15-30 mm in diameter) (Figure 4.22A-F). Deteriorating ova were
pale yellow in color, with a granulated texture that either separated into several pieces
or was loosely congealed together (Figure 4.22B-E). Conversely, fertilized uterine ova
(U4) were smooth and bright yellow in color with a conspicuous and slightly darker
colored, blastodisk present (see Figure 4.25A). Trophonemata were narrow and reduced
in size (ca. 4-6 mm), nonetheless during gross observations, their vasculature remained
fairly prominent.
Histological examinations were made from females with unfertilized ova in the left
uterus during C2, and from the right uterus of gravid females during C1 (Figure 4.23).
Gravid females ranged between early to near-term stages, however uteri with unfertilized
eggs were slightly more developed during the earlier peri-ovulatory periods. Female
#11/30/11 was initially considered pre-ovulatory and processed with both uteri intact,
however subsequent histological inspection discovered the left uterus contained an
enlarged and degenerative yolked mass, surrounded by a membranous egg capsule
(Figures 4.23A-B; 4.24A-B). Uterine structure of females with unfertilized ova resembled
the basic pattern of pre-ovulatory females, as well as the pattern noted in inactive uteri
of gravid females with unilaterally active uteri (see 4.2.2-4.2.7 above) (Figures 4.2A-F; 4.5;
4.7E-F; 4.8B, D-F; 4.9B, E; 4.13E-F; 4.15D). Endometrial tissues were mostly aglandular
and possessed a simple cuboidal to low columnar epithelium, and were profusely invested
with highly cellular, stromal tissues. The primary vasculature of trophonemata was
noticeably diminished and the subepithelial network of capillaries in all endometrial
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tissues was modest in comparison with gravid stages (Figure 4.23C-F). Basal crypts were
considerably less complex, forming tubular to mildly acinar recesses, with limited signs of
secretory activity. Similarly, trophonemata only had marginal levels of adenogenesis
during periods that closely followed ovulation (Figure 4.23E).
4.2.2 Changes in Organic Weight to Determine Matrotrophic Contributions
Calculations to determine the changes in organic weight were performed to estimate
the level of maternal contributions (or matrotrophic input) provided during embryonic
development. Uterine ova lacking signs of gross embryonic development (n = 11) and
viable term stage embryos (n = 3) were processed for weight change determinations.
Unfortunately, due to muffle furnace malfunction, the total number of term stage
embryos used for calculations was reduced from a recommended minimum of 6 to 3 and
only represent preliminary changes in organic weight.
Upon examination of eviscerated embryos, there was no internal yolksac (IYS) formed,
and the yolk stalk communicated directly with the pyloric-duodenal junction, just
proximal to the spiral valve intestine. The external yolksac (EYS) persisted with negligible
quantities of yolk still present during latter stages of gestation. Furthermore, the organic
content of developing embryos surpassed initial yolk investments, either before the
completion of stage U5a or during the early portions of stage U5b development. Thus,
matrotrophy appeared to initiate early as the organic weight of a single stage U5a embryo
(#125, 9 April 2005) was roughly equivalent (0.1 g) to the mean organic weight of uterine
ova (0.149 g). The combined organic weights of the EYS and yolk stalk were too small
(i.e., less than the scales margin of error) and unmeasurable to accurately quantify and
determine the completion of lecithotrophic contributions. However, the negative change
in organic weight (-32.93%) for this specimen was within the range of values reported for
oviparous and yolksac viviparous species (-22.2 to -41.03) (Frazer et al., 2011).
The change in organic weight of uterine ova (mean = 0.149 g ± 0.014 SEM, range 0.080.20) and term embryos (mean = 6.84 g ± 0.665 SEM, range 5.57-7.81) established that
there was extensive matrotrophic contributions of 4490.04% during the approximate five
month gestation period (Tables 4.2, 4.3). The estimated (%) change for calculated values
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of U. jamaicensis during the current study used unrounded values for all calculations.
These numbers marginally differed from the rounded values reported in Table 4.3. All
measured values of changes in embryonic composition increased considerably, with
water content comprising the bulk of initial wet weight measurements (Table 4.3).
Consequently, dry weight values provided reasonable estimates (4805.5%) as the water
content of uterine ova and term stage embryos was comparable (ca. 76% and 80%,
respectively). Nonetheless, the inclusion of data from additional uterine ova (n = 41) and
term stage embryos (n = 56) decreased the change in wet weight calculations by over
1000% (5545.8% to 4484.2%). The differing results warrants further investigation with
larger sample sizes and will also require the separate analysis for each reproductive cycle
as well as the determination of organic content from multiple developmental stages to
clarify.
4.3 Discussion
The uteri of U. jamaicensis resembled the basic structure reported for other
chondrichthyans; the luminal mucosa consisted of an epithelial layer (endometrium) with
a subjacent basement membrane, and an underlying stromal layer of vascularized
connective tissue (lamina propria). Subjacent to the mucosal layer was the muscularis
(myometrium), an outer collagenous layer (tunica adventitia), and a surrounding serosa
(perimetrium) (Lewis, 1982; Hamlett et al., 1993, 2005a, b; Hamlett & Hysell, 1998; Koob
& Hamlett, 1998; Storrie et al., 2009; Colonello et al., 2013; Díaz-Andrade et al., 2013).
The uteri of chondrichthyans undergo a series of stage-dependent modifications
throughout gestation that have not been sufficiently studied for most species, and
structure often varies with reproductive mode (reviewed in introduction, 4.1).
Here, the discussion of uterine modifications will focus on comparisons among
myliobatiform rays from the literature, with further details provided from the current
study by the more comprehensive consideration of gestational stages (e.g., late, nearterm, and term stages), and with additional comparisons between active and inactive
conditions of bilaterally or unilaterally functional uteri, during the biannual reproductive
cycle of U. jamaicensis.
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4.3.1 Uterine Structure and Gestational Morphogenesis
The outer dimensions and internal structure of U. jamaicensis uteri increased with
maturity, and continued to develop throughout gestation with two consecutive
endometrial cycles associated with the biannual periodicity of reproduction. Although
previous studies have reported that uterine differentiation initiated in distal segments
(Storrie et al., 2009), the uteri of U. jamaicensis here appeared to expand evenly
throughout their length. Thickness of the uterine wall (myometrium and lamina propria)
and length of trophonemata increased dramatically with maturation, and the vascular
supply became more prominent.

Uterine tissues displayed typical patterns of

development throughout gestation, with considerable thinning of layers as a result of
uterine distention that coincided with increasing embryonic growth. The difference in
myometrial dimensions among thinner, gravid uteri in comparison with much thicker,
inactive uteri was exceptionally pronounced, and closely resembled descriptions of D.
sabina uteri (Lewis, 1982; Amesbury, 1997). Conversely, the “deeper muscular stratum”
of M. goodei uteri was reported to increase considerably in size as gestation progressed,
with muscle fibers dispersed individually throughout the extensively hydrated
collagenous tissues (Colonello et al., 2013). In U. jamaicensis, the prevalence of stromal
tissues, particularly those subjacent to the mucosal epithelium and forming the core of
trophonemata dissipated as both adenogenesis and angiogenesis increased during
gestation.
The uterine structure of myliobatiform rays is definitively characterized by
trophonemata, with reproductively active females exhibiting an endometrial cycle that is
substantially modified to facilitate both the exchange of respiratory gases, and the
capacity to synthesize and secrete histotroph. Blackburn (2015) indicated the cooptation
of myliobatiform trophonemata was an impressive matrotrophic modiﬁcation of a preexisting structure that ancestrally functioned for respiration. Indeed, gross observations
of U. jamaicensis trophonemata through the uterine wall of pregnant females, clearly
illustrated the origin of these structures from the primary uterine vasculature with large
expanses of space between (Figures 4.10A, 4.14A).

Even trophonemata from
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contralaterally, inactive uteri remained elongated and reasonably well vascularized, both
through the latter stages of gestation (Figures 4.11D, 4.13E-F, 4.16F) and between cycles
during brief resting periods (Figure 4.2). Trophonemata were aglandular during preovulatory stages (U3/6), but occasionally demonstrated the regeneration of incipient
glands that progressed from distal to proximal segments post-ovulation. Adenogenesis
continued during early stages of gestation with peak development recorded during the
latter portions of middle stage (U5c) gestation. These results support the hypothesis of
an initial respiratory function of trophonemata, which is typical of the villous uterine
extensions of some lecithotrophic and minimal histotrophic species (Ranzi, 1932a, b; Uva,
1968, 1971; Lessa, 1982; Wenbin & Shuyuan, 1993; Hamlett et al., 1998a; Colonello, 2009;
Moura et al., 2011b; Porcu et al., 2011). However, with lipid histotrophy, transient
glandular processes have been more effectively integrated to deliver simultaneous
nourishment.
The length and width of U. jamaicensis trophonemata increased in size during
maturation, and the structure was repeatedly modified throughout gestation. Although
maximum length of trophonemata was limited to ca. 20 mm, undulating contours of the
peripheral margins effectively increased the surface area available for vascular and
glandular development.

Furthermore, the modification of tissues and thinning of

epithelial layers in close apposition with subjacent vasculature, decreased the diffusional
distance for respiratory exchange during latter stages of development. Hamlett et al.
(1996a) have referred to the attenuated ridges in trophonemata of the southern stingray,
D. americana as sites of respiratory foci. However, in U. jamaicensis the vascular patterns
of basal crypts and the surrounding mucosal ridge epithelium of gravid uteri, appeared to
precede those of trophonemata as functioning respiratory membranes. The size of U.
jamaicensis basal crypts appeared diminished when viewed in transverse sections of
uteri, but were in fact lengthy depressions that housed numerous simple to compound
acinar glands when viewed in coronal planes (Figure 4.9C).

Previous studies of

myliobatiform rays have also described glandular structure of the “intervillous” mucosa
(Trois, 1876; Wood-Mason & Alcock, 1891a; Brinkmann, 1903; Babel, 1967; Schwert,
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1967; Lewis, 1982). However, there are mixed reports on the occurrence of basal crypts
and the extent of their secretory activity. Regrettably, few studies on myliobatiform rays
have adequately characterized histological or cytological modifications to properly
compare uterine structure at various stages of gestation (Schwert, 1967; Lewis, 1982;
Hamlett et al., 1996a; Amesbury, 1997; García, 2009; Fisher, 2010; Colonello et al., 2013).
The vast majority of reproductive studies have been restricted to gross observations of
uterine condition with reports limited to apparent vascularization of trophonemata and
the presence or consistency of histotroph (Table 1.1). The Atlantic stingray, D. sabina and
the southern eagle ray, M. goodei have stage-specific variations in trophonematal size
and histological structure with defined periods of regeneration and regression during
gestation (Lewis, 1982; Amesbury, 1997; Colonello et al., 2013). The lengths of U.
jamaicensis trophonemata are less variable throughout gestation, however there is a
clear endometrial cycle illustrated by stage-specific vascular and glandular modifications.
The following sections will consider the vascular and glandular patterns separately, and
describe the dual respiratory and secretory functions of endometrial tissues (basal crypts
and trophonemata) to accommodate gestation during each stage of development.
Comparisons with the various non-reproductive conditions were also performed.
4.3.1.1

Vascular Patterns of Basal Crypts and Trophonemata

The trophonematal vascular arrangement of immature specimens consisted of a
system of disorganized capillaries, with occasional small-sized arterioles or venules
observed in a single, larger-sized specimen. Vasculature increased dramatically in size
during the onset of maturity, and remained prevalent throughout all subsequent mature
stages with paired peripheral arteries and an axial vein, clearly present within each
trophonema. Histologically, the network of subepithelial capillaries became increasingly
apparent during the latter stages of gestation, as the surrounding tissues underwent
degenerative processes. Similarly, capillaries were more visible during aglandular or
decreased secretory conditions (i.e., inactive and unfertilized uteri), particularly postpartum following the collapse of glandular tissues. Likewise, subepithelial capillaries of
inactive uteri (particularly C1) were prominent below basal crypts during earlier stages of
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gestation, whereas the microvasculature was more established in mucosal ridges of
contralaterally, active uteri. Nonetheless, during periods of reproductive inactivity when
trophonemata structure was decreased, peripheral arteries were not easily seen with
histology.

The increased stromal core of trophonemata, corresponded with a

proportional decrease in diameter of the primary vasculature, when viewed with
transverse sections. This relationship was often not visible as longitudinal sections of
trophonemata typically passed through stromal tissues that separated the axial vein from
the peripheral arteries. Regardless, previous vascular perfusion casts of inactive, prereproductive and gravid uteri indicated that the microvasculature of U. jamaicensis
trophonemata was continuously developed throughout various stages of the
reproductive cycle (Basten, 2007).
Images of rays from other studies have often displayed trophonemata with an
extensive stromal core, shallow secretory crypts, and vasculature limited to discontinuous
segments of the axial vein in longitudinal sections (Chatchavalvanich & Visutthipat, 1997;
García, 2009; Fisher, 2010; Colonello et al., 2013; Henderson et al., 2014). This condition
resembles the trophonemata of U. jamaicensis from the inactive uteri that have
previously been gravid (Figure 4.8D).

Trois (1878) provided the original vascular

description of trophonemata for M. aquila, which consisted of paired veins with a central
artery that diverged apically to form a marginal loop. Occasionally a similar arterial
arrangement occurred unilaterally in fresh uterine sections of U. jamaicensis (Figure
4.10C). Several contemporary studies have also suggested the arterial supply is derived
from a single central vessel, with the capillaries of ridge epithelia referred to as peripheral
vessels (Hamlett & Hysell, 1993; Hamlett et al., 1996a, 2005a; Colonello et al., 2013;
Henderson et al., 2014). Previously, the most comprehensive descriptions have been
performed with cleared and stained trophonemata of G. poecilura, H. walga, H. bleekeri
and A. nichofii (=M. nieuhofii), all of which have reported the same vascular arrangement
of trophonemata as described for P. violacea (Ranzi, 1934a), D. americana (Schwert,
1967), D. sabina (Lewis, 1982), U. halleri (Babel, 1967), and U. jamaicensis (LaMarca,
1967; Spieler et al., 2013; current study). Vascular patterns may be unique for some
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species, however, descriptive differences between the same or closely related species
have also been reported within the literature (Wood-Mason & Alcock, 1891a, b; Alcock,
1892a, b; Chatchavalvanich & Visutthipat, 1997; Henderson et al., 2014). Thus, conflicting
reports of the vascular arrangement of trophonemata among myliobatiform rays likely
corresponds with expected differences between uterine stages and the timing of
sampling, but may also include interspecific differences in structure that requires a more
comprehensive and comparative examination.
The gas exchange system is fundamentally the same as the tripartite complex of other
vertebrates, which consists of a fused basal lamina, situated between a closely apposed
respiratory epithelium and capillary endothelium (Maina & West, 2005). According to
Fick’s Law, the capacity for gas diffusion is inversely related to the thickness of the tissue
barrier, which can be less than 0.1 μm in fish gills (Butler, 1999; Evans et al., 2005). In D.
americana the gas diffusion distance of trophonemata decreased from 3 μm during early
stages of gestation to 0.3 μm during latter stages, and there were discrete basal laminae
associated with each epithelial layer of the respiratory barrier (Hamlett et al., 1996a). The
focal point of respiratory exchange in late stage to near-term U. jamaicensis
trophonemata was also reduced to an attenuated, simple squamous ridge epithelium and
underlying capillary endothelium, however these layers were only separated by a single
basal lamina (Hamlett & Hysell, 1998; current study). Fundamentally, among (aplacental)
viviparous elasmobranchs, a two tier system of uterine O2 transport must first supply the
transfer medium (i.e., uterine fluids) with O2 and achieve a sufficient concentration
gradient to passively diffuse across a second tissue barrier. These equivalent secondary
barriers will initially consist of the vitelline vasculature, transitionally include the EGF, and
eventually rely solely on the functional embryonic gills (branchial epithelium) aided by
buccal or spiracular pumping of the oxygenated uterine fluids (Wourms, 1977; Ballard et
al., 1993; Rodda & Seymour, 2008; Basten et al., 2011; Tomita et al., 2012).
Tomita et al. (2016) performed measurements of uterine villi to estimate the
respiratory capacity of Squalus spp.; results suggested that the uterine supply of O2 to
term stage embryos was insufficient, and required periodic flushing of seawater to
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accommodate increased respiratory demands. However, measurements of the diffusion
distance were conducted with a dissecting scope, and the recorded value (ca. 100 μm)
was much wider than standard respiratory barriers (10 μm or less) at the sites of gas
exchange (Maina & West, 2005; Evans et al., 2005). In U. jamaicensis, the transfer of
respiratory gases to the uterine fluids was likely considerable as trophonematal
vascularization increased with a concomitant decrease in the diffusional distance of ridge
epithelia as gestation progressed. Hamlett et al. (1996a) suggested that simultaneous
functions of myliobatiform histotroph to provide nourishment and form the respiratory
medium, might require a higher oxygen affinity of fetal than maternal hemoglobin (Hb)
to facilitate effective gas exchange. The Hb of some fetal sharks and an embryonic skate
have exhibited higher O2 affinities than adult animals (Manwell, 1958; King, 1994).
However, equivalent O2 affinities of Hb were reported between maternal and mid- to latestage embryos for six species of myliobatiform rays (McCutcheon, 1947). During this
study, the dissolved O2 concentration of histotroph and hematological parameters of
adults and embryos were not measured to determine if a fetal-maternal shift in O2 affinity
occurs at any stage of development.
Histological observations of a single 15 mm TL embryo provided structural details of
accessory respiratory organs during early stage (U5a) development of U. jamaicensis. The
vitelline circulatory system forms within the mesodermal layer of the EYS, originating as
“blood islands” that gradually encompass the yolk mass during epiboly (Ballard et al.,
1993). Thus, the expanding, trilaminar extraembryonic blastoderm was delimited by a
vascular area composed of numerous invaginated recesses of the endodermal layer,
which contained a series of mesodermal derived blood vessels. A few studies have
provided details of chondrichthyan EYS vascular structure during early stages of
embryonic development (TeWinkel, 1943, 1963b; Von Blonde, 1945a, b; Jollie & Jollie,
1967a; Baranes & Wendling, 1981; Ballard et al., 1993; Lechenault & Mellinger, 1993;
Lechenault et al., 1993; Mellinger et al., 1986; Mellinger & Wrisez, 1989; Fishelson &
Baranes, 1998). Additionally, Hamlett et al. (1993) have suggested that embryos may rely
on both their yolk sac and EGF to aid in respiration. Fetal circulation and cardiac output
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are already functional and expanding during early ontogeny, however the extent of initial
or supplemental levels of diffusive gas exchange, via cutaneous respiration remains
unknown (Pelster & Bemis, 1992; current study). Additional comparative analyses during
early stages of embryogenesis, prior to peak EGF development, are necessary to
determine the structural and functional roles of the EYS and initial embryo as a respiratory
membrane.
The respiratory barrier of the EYS of U. jamaicensis, possessed the necessary
structural criteria to provide initial convective gas exchange. This thin barrier was formed
by two closely apposed layers of simple squamous epithelia, which consisted of the
vitelline endothelium, and the overlying ectodermal epithelium, with scant levels of
intervening CT (Figure 4.26C-D). Gas exchange was further improved during the early
stages of embryogenesis with an increased development of EGFs (ca. 5 mm in length).
The EGFs formed a sinusoidal loop with a scant CT stroma and the anterior filaments were
structurally advanced. Successive transverse sections of small, developing EGFs also
displayed structural regionalization, which reduced the respiratory barrier, with the
transition of a simple cuboidal epithelium in proximal segments to a simple squamous
epithelium in distal segments (Figure 4.26A-B). Previous studies have reported EGFs with
a bilayer of squamous cells (Kryvi, 1976; Hamlett et al., 1985e), or with a simple cuboidal
epithelium either during their initial appearance (Pelster & Bemis, 1992) or during
degenerative conditions (Colonello et al., 2013).

Regardless, EGFs are transient

embryonic structures that are gradually reabsorbed and eventually incorporated into
afferent distributing arteries, as lamellae of branchial gills develop (Kryvi, 1976; Basten et
al., 2011). Basten et al. (2011) reported that the embryonic internal gill vasculature of U.
jamaicensis was essentially complete by the time EGFs were fully regressed. Duncan et
al. (2015) recorded diffusional distances that ranged between 1-3 μm for the lamellar
respiratory barrier of five species of near-term potamotrygonid rays.

Whereas,

respiratory barriers of adult specimens of marine rajids and benthic sharks were
reportedly 5.5 and 10.2 μm, respectively (Hughes & Wright, 1970; Hughes et al., 1986).
Additional study of U. jamaicensis respiratory structures are necessary to determine
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ontogenetic patterns and verify if the lamellar respiratory barrier is decreased during
embryonic stages.
During the latter stages of development, gas exchange is reported to be considerably
effected through the buccal or spiracular pumping of oxygenated uterine fluids (Tomita
et al., 2012, 2014, 2016). Occasionally, near-term to term stage embryos of U. jamaicensis
were observed through the distended uterine wall, actively ventilating uterine fluids
through their spiracles.

The uterine fluids were primarily supplied by profusely

distributed trophonemata, which have been estimated to account for 90% of the
endometrial surface area of D. americana during gestation (Schwert, 1967). Tomita et al.
(2012) documented the buccal pumping of Manta alfredi with sonography, and further
reported on sizeable differences in the proportional dimensions and structure of spiracles
of embryos with those of adults that have transitioned to ram ventilation. Likewise, the
proportional size and surface area of stingray spiracles and gills is larger during embryonic
development (Grim et al., 2012; Duncan et al., 2015). Similar patterns of buccal pumping
have been observed for oviparous species with additional caudal fin and axial movements
of some species that may aid circulating seawater through respiratory pores or channels
(Tullis & Peterson, 2000; Tomita et al., 2012, 2014; Brüggeman, 2013; Kempster et al.,
2013). Due to the combination of larger brood sizes (C1) and relatively small maternal
sizes, U. jamaicensis embryos often experienced considerable uterine packing during
latter stages of development.

The embryonic spiracular folds, that are unique to

urotrygonids, may be essential for individual embryos to maintain access to sufficient
quantities of histotroph for nourishment and respiratory requirements. Nonetheless, the
perfusion and intrauterine gas exchange of U. jamaicensis was apparently a rapid process,
as evidenced by the rate of cessation of embryonic movements during experimental
procedures. The extensive wriggling of embryos, particularly those of late stage embryos
visible through the distended maternal dorsum, ceased almost immediately upon
submersion into an anesthetic (MS-222) bath of seawater, whereas maternal activity and
spiracular ventilation continued for a limited period of time (30-120 sec.).
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4.3.1.2

Glandular Patterns of Basal Crypts and Trophonemata

A number of studies have performed structural analyses of trophonemata from a
variety of myliobatiform rays (Trois, 1876; Haswell, 1889; Alcock, 1889, 1892a, b; WoodMason & Alcock, 1891a, b; LaMarca, 1961; Babel, 1967; Schwert, 1967; Lewis, 1982;
Wourms & Bodine, 1983; Hamlett et al., 1985, 1993, 1996a; Hamlett, 1990a; Luer et al.,
1994; Amesbury, 1997; Chatchavalvanich & Visutthipat, 1997; Hamlett & Hysell, 1998;
Acero et al., 2008; López García, 2009; Fisher, 2010; Colonello et al., 2013; Soma et al.,
2013; Ueda et al., 2013; Vázquez, 2013; Henderson et al., 2014; del Mar Pedreros‐Sierra
et al., 2016).

LaMarca (1961) performed a detailed histological analysis on the

reproductive anatomy of U. jamaicensis, but only examined the uteri of a single immature
female and two pregnant specimens. Both pregnant females were collected in Bahamian
waters during early July, and presumably during the early stages of the second cycle (C2).
Embryos measured less than 1 cm TL, thus ovulation had recently occurred and glandular
development of trophonemata was still minimal. Endometrial tissues had a simple
columnar epithelium and shallow crypts were formed in trophonemata with no secretory
inclusions detected.

Hamlett and Hysell (1998) also described a simple columnar

epithelium for U. jamaicensis trophonemata, however they reported secretory crypt cells
with large quantities of apical secretory vesicles. During the current study, adenogenesis
of U. jamaicensis endometrial tissues had distinct variations of cellular and secretory
conditions between immature and mature (nongravid) animals. During the endometrial
cycle, additional modifications occurred between pre-ovulatory and post-ovulatory
periods, and tissue remodeling continued throughout increasing stages of gestation and
post-parturition.
In general, few studies on chondrichthyans have addressed the ontogeny of uterine
structure during maturation (Babel, 1967; Storrie et al., 2009; Serra-Pereira et al., 2011a;
Elías, 2015a; del Mar Pedreros‐Sierra et al., 2016), or have described the microanatomy
of non-functional or inactive uteri (Babel, 1967; Schwert, 1967; Ueda et al., 2013). During
the present study, the uteri of only three immature rays were examined, however each
specimen exhibited progressive stages of endometrial development that corresponded
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with increasing size. Trophonemata lengthened as the uteri gradually expanded, but
remained continuously invested with extensive stromal tissues and a modest blood
supply. Endometrial tissues of maturing specimens consisted of a uniform, low simple
columnar epithelium, however the emerging basal crypts were limited to shallow
depressions and trophonemata remained aglandular. Similar attributes were observed
for the undeveloped and immature, right uteri of smaller-sized gravid females (Figures
4.6F; 4.8B; 4.10F; 4.11B; 4.13D; 4.20B, D; 4.21F). Likewise, similar patterns of uterine
expansion with increased epithelial complexity have been reported during the ontogeny
of other chondrichthyans (Babel, 1967; Schwert, 1967; Storrie et al., 2009; Serra-Pereira
et al., 2011a; del Mar Pedreros‐Sierra et al., 2016). The aglandular trophonemata of G.
marmorata also exhibited a simple columnar epithelium, during early stages of
maturation (Vázquez, 2013). Whereas, trophonemata of immature U. halleri were
initially simple cuboidal, but gradually increased during maturation to a simple columnar
epithelium in preparation for first reproduction (Babel, 1967). Further observations on
earlier stages of U. jamaicensis are necessary to verify trophonematal condition of smaller
juveniles, neonates and intrauterine young. Nonetheless, the initial formation of a simple
columnar epithelium occurs well before first maturity is achieved, with subsequent
cyclical reductions to a simple cuboidal epithelium associated with degenerative
processes and reproductive inactivity of mature females.
The lesser developed condition of trophonemata observed for mature, pre-ovulatory
and recovering post-partum U. jamaicensis resembled the trophonemata described for
several myliobatiform rays from other studies (LaMarca, 1962; Chatchavalvanich &
Visutthipat, 1997; Fisher, 2010; Fisher et al., 2014; Vázquez, 2013; Henderson et al., 2014;
Soma et al., 2014). These studies have all described varying degrees of glandular
development, even though corresponding figures of trophonemata appear mostly
aglandular with dispersed vasculature and a dense stromal core. The widespread spacing
of shallow acini or general lack of secretory crypts altogether, suggests most of these
observations were of developing or inactive stages. Unfortunately, most studies have
either designated broad categories of reproductive stages, or have failed to provide
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adequate details of the images presented to allow appropriate comparisons. However,
several studies have covered multiple uterine stages or documented trophonemata
during advanced periods of glandular development (Babel, 1967; Schwert, 1967; Lewis,
1982; Amesbury, 1997; García, 2009; Colonello et al., 2013). The most recent of these
studies indicated a decreased glandular structure of trophonemata that was limited to
early stages of development in M. goodei, and a predominant role of basal crypts in the
synthesis and secretion of histotroph (Colonello et al., 2013). These findings emphasize
not only the need to expand collections from a more diverse assemblage of species, but
to also sample throughout the entire reproductive cycle for improved comparative
analyses. The increased number of uterine stage divisions described during this study,
provided increased details of the concomitant modifications of endometrial structure
with patterns in embryonic development.
The glandular development of U. jamaicensis basal crypts and trophonemata were
minimal during the brief non-reproductive periods that occurred between both
reproductive cycles. Following parturition, both trophonemata and basal crypts initially
consisted of an irregular epithelium with scattered and often seemingly stratified layers
of cuboidal cells that encompassed numerous dispersed capillaries. The glandular
structure of post-partum trophonemata was entirely collapsed, however the possible
remnants of previous glands were occasionally seen. However, the onset of renewed
glandular development occurred prior to ovulation and the uteri of U3 females with
enlarged (i.e., ovulatory-sized) ovarian follicles were already distended with uterine
fluids. A similar process has also been described for U. halleri (Babel, 1967). Increased
secretory activity was also reported in pre-ovulatory T. marmorata, however limited
uterine secretions occurred throughout gestation when only small ovarian follicles (<5
mm) were present (Uva, 1971, Fasano et al., 1992). In U. jamaicensis, the apical portions
of individual cells throughout all endometrial tissues were lightly stained and appeared
secretory, however basal crypts were structurally advanced and appeared predominantly
responsible for the initial secretory activity that extended into the early stages of
gestation. The basal crypts of other myliobatiform rays have also remained continuously
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developed with the regeneration of glandular tissues preceding that of trophonemata
(Lewis, 1982; Colonello et al., 2013).
The post-ovulatory, glandular patterns of U. jamaicensis uteri increased rapidly, and
were more developed throughout the C1 ovulatory period than during C2, and this
pattern was consistently evident throughout all subsequent stages.

The general

endometrium transformed into a uniform columnar epithelium, the columnar secretory
cells of basal crypts elongated, and trophonematal acini were partially formed. Lewis
(1982) reported the trophonemata of D. sabina remained structurally reduced until
eclosion of embryos from egg capsules, whereas, Amesbury (1997) described that
adenogenesis of both basal crypts and trophonemata initiated during the encapsulation
period and then increased throughout early stage development. Lipid histotrophy has
previously been considered biphasic with matrotrophic input restricted to periods after
lecithotrophic nourishment concludes with the depletion of yolksac contents (Trinnie et
al., 2012). However, the early production of histotroph and glandular structure of U.
jamaicensis suggests that supplemental maternal nourishment is provided throughout
the majority of gestation, and initiates well in advance of yolk depletion.
In typical histological preparations, the onset of trophonematal adenogenesis
appeared to be centered on superficial capillaries, when in reality numerous acini were
forming within an encircling vascular network.

Detailed images of U. jamaicensis

trophonemata with SEM of corrosion casts and of fresh tissues with a high powered
dissecting scope provided a unique perspective of glandular organization, relative to the
microvascular arrangement (Basten, 2007; current study). The process of adenogenesis
began with the elongation and subsequent downward invagination of the epithelial cells,
situated within the network of anastomosing capillaries that will eventually form the core
of trophonematal ridges. Similar patterns of trophonematal glandular budding have been
described for G. poecilura (Wood Mason & Alcock, 1891a) and D. sabina (Lewis, 1982;
Amesbury, 1997). Babel (1967) indicated that glandular pits originated within the
pavement epithelium of U. halleri, however, the structures depicted in Figure 45 of that
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publication resembled the remnant vasculature of post-partum U. jamaicensis
trophonemata during the initial recovery of endometrial tissues.
During the endometrial cycle of U. jamaicensis, glandular secretions resulted from the
combination of overlapping basal crypt and trophonemata secretory processes.
Adenogenesis of basal crypts continued to increase and structurally peaked during early
through middle stages of development. Basal crypts remained glandular through nearterm stages, but degenerative processes began during late stage development and
secretory activity gradually diminished. Similarly, trophonemata continued to develop,
but peak glandular development occurred later during the advanced middle to late stages
of embryogenesis. The large secretory crypts effectively occupied the entire trophonema
with only a thin, and vascularized stromal core situated between adjacent acini and the
subjacent axial vein. During this period, the cuboidal cells of the outer ridge epithelium
were still secretory, whereas the squamous cells overlying the sinusoid-like capillaries
were greatly reduced. The thin and attenuated squamous cells in the ridge epithelium
could provide for increased transfer of respiratory gases as suggested for D. americana
(Hamlett et al., 1996a, 2005a). Secretory crypts consisted of tall columnar cells that
appeared to remain continuously active through near-term gestation. The large and
bulbous acini resembled the peak glandular structure of several other small species with
short gestation rates (Babel, 1967; Lewis, 1982; Amesbury, 1997; del Mar Pedreros-Sierra
et al., 2016; da Silva et al., 2017), in comparison with some larger species that formed
shallow tubular glands (Hamlett et al., 1985; Chatchavalvanich, & Visutthipat, 1997;
Colonello et al., 2013; Henderson et al., 2013).
Subsequent to peak development, the uterine structure steadily declined and
culminated with a loss of glandular acini and shedding of epithelial tissues during term
stage gestation. Likewise, the degenerative trophonemata of term stage H. walga formed
“epithelial casts” of shed glandular cells (Wood-Mason & Alcock, 1891b).

The

endometrium of D. sabina also experienced peri-partum tissue sloughing, and ultimately
extensive degenerative patterns of trophonemata post-partum (Lewis, 1982; Amesbury,
1997). In M. goodei, the degenerative post-partum trophonemata were reduced to thin
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filaments, whereas the basal crypts had already begun regeneration (Colonello et al.,
2013). Studies on several other elasmobranchs with diverse reproductive modes have
also reported sloughing of endometrial tissues (Metten, 1939; Matthews, 1950; Hamlett
et al., 2002b; Elías, 2015a, b). Presumably, degenerative processes would likely be
observed for other species if sufficient data collection was established throughout the
entire gestative cycle.
Following regression and extensive tissue sloughing, the endometrium of U.
jamaicensis was once again reduced to dispersed regions of simple cuboidal to simple
squamous epithelia, which gradually remodified during recovery, transitioning from a low
to high simple columnar epithelium, as secretory traits reemerged. Similar recovery
patterns have been reported during the endometrial cycle of other viviparous
elasmobranchs (Hamlett et al., 2002b; Braccini et al., 2007; Storrie et al., 2009). Although
the vascular supply of non-reproductive trophonemata was continuously present, some
of the microvasculature was likely lost during degenerative conditions as evidenced by
the increased level of red blood cells in the uterine lumen during term stage gestation.
During inactive stages, particularly unfertilized conditions, subepithelial capillaries
appeared stenotic and void of blood cells, but due to the collapse of surrounding
secretory cells they became increasingly visible within the aglandular trophonemata and
mucosal ridges.
Similar to non-reproductive conditions, trophonemata were less developed and
remained aglandular in mature uteri that were either inactive or contained unfertilized
ova. Likewise, the mature uteri of U. halleri that failed to receive ova ceased to develop
further, and remained in a regressed condition with trophonemata resembling the short,
aglandular structure of immature uteri (Babel, 1967). In U. jamaicensis, the nonreproductive period between cycles was brief (ca. 1 mon. or less) but both the inactive
and unfertilized conditions persisted for the duration of the current cycle. Uteri with
unfertilized ova can be viewed as a hybrid condition between recovering nonreproductive stages and the inactive mature uteri of females with contralaterally active
uteri (i.e. functional asymmetry). Nonetheless, there was little difference in uterine
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structure between inactive and unfertilized conditions of U. jamaicensis, aside from
luminal contents. Thus, inactive mature uteri had an egg envelope but lacked yolk
granules (i.e., ovulation into uterus failed to occur), whereas unfertilized uteri contained
both yolk and egg envelope material. The lack of a conceptus in both situations has
implications on continued uterine development associated with pregnancy recognition
signals that are synthesized and secreted by the embryonic or extraembryonic
blastoderm (see below). The secretory condition of contralaterally mature uteri that
failed to receive fertilized ova was temporarily sustained, which provided additional
evidence of a transition in regulatory processes.

In U. jamaicensis, considerable

differences in structure were evident in the bilateral comparisons of active and inactive
uteri from the same female (see functional lateralization below).
Secretory crypts of myliobatiform trophonemata have variably been described as
tubular or acinar glands, which are composed of either a simple cuboidal or columnar
epithelium (Hamlett et al, 1985d; Chatchavalvanich & Visutthipat, 1997; Fisher, 2010;
Colonello et al., 2013).

The only exceptions have reported trophonemata with a

bilaminar, stratified columnar epithelium e.g., H. walga (Wood-Mason & Alcock, 1891b),
and a stratified cuboidal epithelium several layers thick e.g., M. aquila (Trois, 1876). The
stratified conditions noted in these studies may entail term stage or postpartum
degenerative conditions, as seen here in U. jamaicensis, following the collapse of
glandular acini. Hamlett et al. (1985d) recorded crypt cells of R. bonasus trophonemata
as cuboidal, whereas, Fisher (2010) described them with a low simple columnar
epithelium during incipient gland development. Both studies might be indicative of a
shallow morphology of secretory crypts, as noted for other rays (López García, 2009;
Vázquez, 2013; Henderson et al., 2014; Soma et al., 2014). Trophonemata of M. goodei
were reported to function primarily for respiratory exchange with glandular input
restricted to early stage gestation and the basal crypts were considered the main source
of histotroph during gestation (Colonello et al., 2013). Limited information is available on
related myliobatids to verify structural variation of trophonemata, but records suggest
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that semi-pelagic, pelagic or highly migratory species with longer gestation patterns may
have subtle differences (Trois, 1876; Alcock, 1890; Soma et al., 2011).
Ultrastructural observations of trophonematal secretory crypts, from a late to nearterm stage female, identified attributes consistent with a classic protein secreting cell
structure (i.e., extensive RER, well developed Golgi apparatus, abundant secretory
vesicles and mitochondria) as reported for other rays (Hamlett et al., 1985d; 1996a). In
addition to the apparent respiratory function of ridge epithelia, the transitional cuboidal
cells and squamous cells that overlaid ridge vasculature displayed distinctive traits of a
transport epithelium (i.e., apical microvilli, junctional complexes, micropinocytotic
vesicles, abundant mitochondria, and dilated intercellular spaces). The basolateral
surfaces of ridge epithelia were profusely outlined with dilated intercellular spaces, and
interconnected by a series of desmosomes, which further supports the transcellular and
paracellular transport of water and minerals (Berridge & Oschman, 1972; Braccini et al.,
2007; Storrie et al., 2009; Biazik et al., 2010).
Hamlett et al. (2005a) have suggested that U. jamaicensis demonstrates reduced
levels of lipid histotrophy due to the production of a dilute histotroph with lower lipid
content. Indeed, ultrastructural comparisons of near term trophonemata, identified
noticeably fewer lipid droplets in secretory crypt cells of U. jamaicensis than D. americana
(Hamlett et al., 1996a, 2005a; Hamlett & Hysell, 1998; current study). However, here LM
of U. jamaicensis trophonemata demonstrated the synthesis and secretion of substantial
amounts of secretory products during various stages of gestation. During the early and
middle stages, apically concentrated secretory granules were predominantly eosinophilic,
with additional secretory inclusions occasionally forming linear arrays during middle stage
development.

Whereas, during late and near-term stages, the apical portions of

numerous secretory cells were densely packed with lipid-like inclusions that appeared
frothy, and void of any staining attributes (Hamlett & Hysell, 1998; current study). Apical
blebbing of uterine tissues was prevalent during late stage gestation and coincided with
the initial shedding of endometrial cells within basal crypts. Tissue sloughing gradually
spread throughout all uterine tissues and increased to peak levels during term stage. Thus
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patterns of exocrine secretion, transitioned proportionally through reproductive stages,
and uniquely demonstrated simultaneous merocrine, apocrine and holocrine activity
during late to term stage degenerative conditions.

Coordination of simultaneous

merocrine and apocrine secretion of individual cells are often associated with
reproductively related organs (Aumüller et al., 1999; Groos et al., 1999; Dacheux et al.,
2005; Bakst & Bauchan, 2015), and similar processes were observed in the male
reproductive tract of U. jamaicensis (see Chapter 3).
Few studies have performed histochemical analyses of trophonemata, and these have
been limited to Periodic Acid Schiff (PAS) and Alcian-Blue (AB) stains to identify neutral
and acidic mucins (Hamlett et al., 1996a; Henderson et al., 2014; del Mar Pedreros‐Sierra
et al., 2016). The secretory crypt cells of both D. americana (Hamlett et al., 1996a) and
G. poecilura (Henderson et al., 2014), contained PAS+ granules and lipid inclusions,
suggesting the simultaneous production of proteinaceous, mucous and lipid secretions.
Preliminary analyses of U. jamaicensis histotroph have indicated that the chemical
content is considerably lower in nutritional value than other species of myliobatiform rays
(e.g., D. americana, D. sabina and R. bonasus) (Wourms & Bodine, 1983; Luer et al., 1994;
Amesbury, 1997; Henningsen et al., 1999; Hamlett et al., 2005a). These studies have
reported varying compositions and concentrations of organic content (e.g., proteins,
lipids, fatty acids, mucins, carbohydrates). The uterine fluids of U. jamaicensis remain
thin and watery throughout gestation, whereas the majority of other studies have
described histotroph with a thick and creamy consistency (Alcock, 1890; Gudger, 1914;
Bearden, 1959; Hamlett et al., 1996a; Vázquez, 2013). However, here term stage
histotroph was discolored reddish during increased degenerative conditions associated
with excessive tissue sloughing and bleeding. Thus the variable conditions of synthesized
secretory products and modes of secretion throughout gestation, suggests uterine fluids
contain additional tissues that may provide a supplemental source of nourishment.
4.3.2 Functional Uterine Lateralization
The majority of papers on myliobatiform rays, with research data, have reported
reproductive asymmetry (ca. 75%), whereby only the left uterus is fully developed and
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unilaterally functional. An exception is R. bonasus which reportedly has an uncommon
functional shift between uteri, and on several occasions, a single embryo has been
observed solely within the right uterus (Hamlett et al., 1985a; Fisher, 2010; Fisher et al.,
2014). In each of these cases the left uterus was mature and distended from previous
use, but remained inactive with the trophonematal structure noticeably reduced (Fisher,
2010). Several studies have suggested that only the left reproductive tract in R. bonasus
appeared functional (Smith & Merriner, 1986; Neer & Thompson, 2005; Baldassin et al.,
2008; Pérez-Jiménez, 2011). However, the presence of seminal fluids in both uteri during
the mating period, suggested the condition of a presumed non-functional, right uterus,
resulted from reduced fecundity (i.e., single offspring) and lateralization of ovulatory
patterns, opposed to a lack of bilateral insemination (Fisher, 2010).

Similarly, an

alternating unilateral function of uteri was noted for H. bleekeri, whereby only one uterus
was active at a time (Chatchavalvanich & Visutthipat, 1997). Additional information is
limited on the structure and function of the right uterus of rays reported to exhibit
unilateral left gestation, so the potential for other species to display an alternative or
supplemental uterine function exists. The right uterus of D. americana resembles the
immature condition of the left uterus (Schwert, 1967), whereas in M. goodei the right
uterus is considerably reduced, and fused with the left uterus (Colonello et al., 2013).
However, extreme asymmetry such as this is uncommon in the literature and thus
decreased levels of right uterine development observed for other species may simply
indicate disuse corresponding with lateralized patterns of ovulation (i.e., functional
asymmetry), opposed to an inability to further develop (i.e., anatomical asymmetry).
Species of myliobatiform rays with bilaterally functional uteri (ca. 25% of species) are
restricted to the families Urotrygonidae (17 species), Potamotrygonidae (28 species),
Gymnuridae (15 species) and currently three species of Myliobatidae (Bearden, 1959;
Daiber & Booth, 1960; Martin & Cailliet, 1988; Teshima & Takeshita, 1992; CharvetAlmeida et al., 2005; Capapé et al., 2007; Fahy et al., 2007; Acero et al., 2008; Jacobsen
et al., 2009; Mejía-Falla et al., 2012; Yokota et al., 2012; Henderson et al., 2014; Acevedo
et al., 2015; del Mar Pedreros‐Sierra et al., 2016; Santander-Neto et al., 2016; Eschmeyer,
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2017). Many of these species exhibit functional symmetry with embryos distributed
equally between both uteri, and have reported annual cycles with lengthy rates of
gestation (Bearden, 1959; Martin & Cailliet, 1988; Yokota et al., 2012; Henderson et al.,
2014). Conversely, many smaller tropical species have a dominant left uterus with an
unequal number of embryos bilaterally distributed (Babel, 1967; Mejía-Falla et al., 2012;
Acevedo et al., 2015; Santander-Neto et al., 2016). Thus, the biannual reproductive cycle
and bilaterally functional uteri of U. jamaicensis provided a unique opportunity to
compare sequential patterns of maturation and morphogenesis of uterine structure
during consecutive periods of gestation. Furthermore, the transition between bilateral
(C1) and unilateral (C2) function of uteri, particularly among larger specimens, allowed
for the simultaneous observations of active (i.e., gravid) and inactive (“quiescent”)
conditions during both endometrial cycles. The alternating pattern of right uterine
function that typically occurred between cycles, simulated the quiescent phase of species
with either a lengthy biennial cycle (Trinnie et al., 2012), or an annual cycle with a short
(i.e., 2-6 months) period of gestation (Babel, 1967; Lewis, 1982; Maruska et al., 1996;
Amesbury, 1997; Seck et al., 2002; Yokota & Lessa, 2007; Ebert & Cowley, 2009; Pierce et
al., 2009). Conversely, gravidity of the left uterus in U. jamaicensis was nearly continuous
between consecutive cycles with mature rays having little to no reprieve in reproductive
activity.
In U. jamaicensis, the right uterus remained immature and nonfunctional among
smaller sized females, but was mature in larger animals and was increasingly used
(primarily during C1) as brood size increased concomitantly with maternal size. Seasonal
lateralization was observed during C2, with the right uterus of mature females typically
remaining inactive, regardless of maternal size. Whereas, the left uterus matured earlier,
was used more frequently, and displayed higher patterns of fecundity, regardless of
season. There was only a single case during C2, when the left uterus of a middle stage
female was mature but inactive and the right uterus was gravid. Although the left uterus
was clearly undergoing degenerative processes, endometrial structure and development
of trophonemata was more robust than the inactive, right uterus of other specimens
242

(Figures 4.6c-d, 4.8a-b, 4.11a-d, 4.15c-d, 4.20a-d). Likewise, asymmetrical patterns of
uterine development and function, with unilateral dominance of the left uterus has been
documented for several related species (Babel, 1967; Almeida et al., 2000; Mejía-Falla et
al., 2013; Acevedo et al., 2015; Santander‐Neto, 2015; del Mar Pedreros‐Sierra et al.,
2016; Santander‐Neto et al., 2016). Small-sized urotrygonids often experience extensive
levels of bycatch, however, due to a lack of commercial value they have generally been
discarded with little to no information recorded (Téllez et al., 2006; Grijalba-Bendeck,
2007a, 2008; Acero et al., 2008; Mejía-Falla et al., 2012). Consequently, sufficient
comparisons of structural changes during maturation, or differences between active and
inactive conditions of bilaterally mature uteri had not been conducted prior to this study.
In U. jamaicensis, during earlier portions of C1, recrudescence of the right uterus was
marginally delayed, in comparison with noticeably advanced development of the gravid
left uterus. The cyclical transition between active (C1) and inactive (C2) morphology of
the right uterus, further suggested that the anatomical arrangement of viscera and
proximity of the functional left ovary to the left ostium favored the left uterus. Thus,
differences in uterine morphology resulted from both variations in the timing of ovulation
(i.e., ovulation to the right uterus was slightly delayed or secondary to ovulation into the
left uterus), the number of eggs ovulated into each uterus, and an active or inactive status
of mature uteri during the previous cycle. Apparently, conceptus signals are required to
complete initial uterine development, as well as continue endometrial remodeling for
subsequent reproductive cycles. Nonetheless, due to the repetitive nature of the
biannual cycle of U. jamaicensis, trophonemata within inactive uteri remained reasonably
well developed in comparison with the considerable fluctuations in size and structure
observed for species with lengthy periods of quiescence (Babel, 1967; Lewis, 1982;
Amesbury, 1997).
Although histotroph production of inactive uteri ceased by the time active uteri had
completed early stage gestation, there was a limited but continuous production of
discolored fluids within uteri containing unfertilized ova that persisted for longer
durations. These patterns during the peri-ovulatory stages suggested that uterine
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secretory activity was initially regulated by the general circulation of ovarian hormones.
Conversely, the completion of adenogenesis and the continued synthesis and secretion
of histotroph, as noted during more advanced gestational stages, was negligible without
the additional input of conceptus signals for a sustained recognition of pregnancy. Due
to the absence of developing embryos, histotroph secretions of inactive uteri eventually
ceased altogether, regardless of increasing development of the contralaterally active
uteri. Similarly, the uteri of U. jamaicensis with unfertilized ova exhibited a period of
continued histotroph production, which persisted for longer durations than inactive uteri.
The potential for “shedding” of granulosa cells during ovulation, as noted for the
congener U. halleri (Babel, 1967), may contribute limited steroidogenic activity with
paracrine regulation of uterine development. Paracrine functions have been attributed
to detached mural granulosa cells, which originally lined the follicular wall and
surrounded the antrum in pre-ovulatory follicles of eutherian mammals. Thus, granulosa
cells released into and suspended within the oviducts may amplify early pregnancy
recognition signals (Hunter & Einer-Jensen, 2003; Hunter, 2012). However, during the
post-ovulatory formation of the corpus luteum (CL), hypertrophied granulosa cells of U.
jamaicensis are reported to remain intact within the collapsed follicle (Hamlett et al.,
1999c). Alternatively, maternally-derived, yolk hormones that are sequestered during
vitellogenesis may have functional implications on early histotroph content that also
warrants further investigation (Manire et al., 2004).
4.3.3 Recognition and Maintenance of Pregnancy
Pregnancy recognition signals of elasmobranchs have not been addressed and remain
undetermined, although conceptus signaling among non-mammalian, viviparous
vertebrates is considered to function similar to mammals (Guillette, 1991; Crespi &
Semeniuk, 2004; Callard et al., 2005). Conceptus presence in the active uteri of U.
jamaicensis undoubtedly stimulated endometrial development (i.e., angiogenesis,
adenogenesis, synthesis and secretion of histotroph), and also appeared to modulate
maternal immunological responses, as increased leucocyte proliferation occurred in uteri
with unfertilized ova that resembled term-stage regression patterns. Inactive uteri of U.
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jamaicensis ceased developing once contralaterally active uteri attained a level of
advanced, U5a stage gestation. The unilateral endometrial reaction, illustrated by direct
comparisons of active and inactive uteri from the same female, further supports the
paracrine nature of conceptus signaling.

Maternal recognition of pregnancy likely

involves the synthesis and secretion of conceptus-derived hormones from either the
outer (ectoderm) or inner (endoderm) layer of the extraembryonic blastoderm.
The EYS of myliobatiform rays persists into latter stages of gestation, well after yolk
has seemingly become depleted and extensive histotrophic input has been established.
Lecithotrophic species with enlarged EYS inherently have a prolonged occurrence of
extraembryonic tissues, whereas, in placental species the EYS is co-opted and modified
into the fetal portions of the yolksac placenta (Hamlett et al., 2005a). The prolonged
maintenance of an EYS into the latter stages of development, particularly among rays that
produce small follicles (LFD < 20 mm) and have minor yolk contents, suggests these
remnant structures may perform an additional function. In U. jamaicensis, the EYS was
nearly depleted by the onset of late stage development, and took on a darker golden hue
that resembled the appearance of an atretic follicle. Thus, similar to placental species, an
endocrine function of the EYS may exist and serve for the continued maintenance of
pregnancy. Following resorption of the EYS in U. jamaicensis and a subsequent loss of
potential conceptus signals, the gradual re-activation of myometrial contractions may
occur that eventually leads to the induction of parturition.
In addition to proposed endocrine processes to maintain pregnancy to term,
extraembryonic tissues may also provide a paracrine regulatory function on uterine gland
development. The structure of trophonematal secretory crypts was noticeably increased
for some specimens with elevated fecundity (i.e., multiple uterine ova) in comparison
with equivalent staged females with smaller broods. Trophonematal development
peaked during advanced, late-stage gestation and subsequently the gradual regression of
glandular acini corresponded with the depletion of EYS contents and supporting tissues.
Similar patterns of trophonematal development with modifications of histotroph
chemical composition also corresponded with patterns of EYS utilization in D. sabina
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(Amesbury, 1997). Unfortunately, few studies have addressed the histological structure
of the chondrichthyan EYS and, excluding some studies describing ontogeny of the yolksac
placenta, none have followed the structural fate of extraembryonic tissues (Beard, 1889,
1896; TeWinkel, 1943, 1957, 1963a, b, Jollie & Jollie, 1967a; Baranes & Wendling, 1981;
Hamlett and Wourms, 1984; Hamlett, 1986; Hamlett et al., 1987; Mellinger et al., 1986;
Mellinger & Wrisez, 1989; Lechenault et al., 1993; Mellinger, 1993; Fishelson & Baranes,
1998; Rodda & Seymour, 2008). Recently, immunohistochemical analyses of epithelial
cells in Manta birostris trophonemata stained positive for the antibodies of several
human placental and trophoblast proteins (e.g., (hCG) Human chorionic gonadotrophin,
(hPL) Human placental lactogen, (SP1) Specific pregnancy glycoprotein 1, Placental
alkaliphosphatase, and (AFP) alpha-feto protein), as well as prolactin (Soma et al., 2011).
These proteins are variably associated with intrauterine immune functions and embryonic
growth (Stedman, 2012), and their presence and staining attributes were suggestive of
conceptus origins and endometrial target tissues located in the epithelium of
trophonemata.
Conceptus signaling mechanisms in mammals act directly on the maternal
endometrium to modify the production, concentration gradients and retrograde transfer
of luteolytic Prostaglandin F2α (PGF2α) (Stefańczyk-Krzymowska et al., 1998, 2004;
Niswender et al., 2000; Cicinelli et al., 2004; Einer-Jensen & Hunter, 2005; Bazer et al.,
2010, 2012a, b; Hunter, 2012; Krzymowski & Stefańczyk-Krzymowska, 2012). A prolonged
functional lifespan of the corpus luteum (CL) is required for continued production of P 4,
which is considered, among mammals, as the “unequivocal hormone of pregnancy that
stimulates and maintains uterine endometrial functions necessary for conceptus survival
and growth” (Dorniak et al., 2011). Maternal recognition of pregnancy signals, which
leads to the “rescue” of CL function, can be luteotrophic (promotes CL function) (e.g.,
chorionic gonadotropin in primates) or anti-luteolytic (prevents CL regression) as
observed among some domestic animals (Callard et al., 1992; Spencer et al., 2004; Bazer
et al., 2010). Examples of anti-luteolytic hormones secreted by the trophoblast of certain
livestock are Interferon tau (INFtau) in ruminants (Niswender et al., 2000; Spencer & Bazer,
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2004; Igwebuike, 2006, 2009), and 17β-estradiol (E2) and prolactin (PRL) in pigs (Bazer et
al., 2010, 2012b; Spencer et al., 2014).
The hormonal (endocrine and/or paracrine) signaling mechanisms and vascular
pathways involved with pregnancy recognition, and maintenance of CL function of U.
jamaicensis are entirely unknown. In fact, it remains unclear for most viviparous
elasmobranchs (particularly matrotrophic species), whether the functional CL of
pregnancy is represented by collapsed, post-ovulatory follicles (corpus luteum of
ovulation, CLO), atretic pre-ovulatory follicles (corpus luteum of atresia, CLA) or if a
combination of both types is responsible for synthesis and secretion of P4 during gestation
(Chieffi, 1961; Lupo di Prisco et al., 1967; Lance & Callard, 1969; TeWinkel, 1972; Chieffi
Baccari et al., 1992; Lutton et al., 2005). Furthermore, species with unilaterally functional
ovaries that produce pre-ovulatory CLA may also exhibit supplemental P4 production from
the contralateral “non-functional” ovary. Small glandular masses were prevalent in the
right ovary of U. halleri during ovulation, and may function in preparing uteri to receive
ova (Babel, 1967). TeWinkel (1950) also indicated a possible glandular condition for the
non-functional, and atrophied left ovary of smooth dogfish, M. canis. The right ovary of
U. jamaicensis primarily contains primordial follicles, with additional small unilaminar and
atretic follicles; occasionally the development of enlarged vitellogenic follicles has
occurred in larger-sized females (LaMarca, 1961; Hamlett et al., 1999c; Fahy et al., 2007;
Spieler et al., 2013; current study). Although hypothesized, the glandular potential of
atretic follicles in the right ovary has not been documented and will require additional
sampling of both ovaries with histological and histochemical analyses throughout the
biannual cycle to corroborate.
The focus on circulating reproductive hormones of female chondrichthyans has
predominantly concentrated on E2, but functions of P4 have also been attributed to the
maintenance of pregnancy (i.e., down regulation of myometrial contractions),
suppression of vitellogenesis, and as an essential substrate in classic steroidogenic
pathways (Lupo di Prisco et al., 1967; Lance & Callard, 1969; Tsang & Callard, 1987a, b;
Fasano et al., 1992; Rasmussen & Gruber, 1993; Manire et al., 1995; Maruska &
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Gelsleichter, 2011; Waltrick et al., 2014). Variable levels of circulating P4 have been
reported for elasmobranchs, but viviparous species typically have elevated levels just
prior to ovulation through early stages of gestation, with noticeably reduced serum levels
during the remainder of gestation (Callard & Koob, 1993; Callard et al., 1993, 2005; Koob
& Callard, 1999; Prisco et al., 2008; Maruska & Gelsleichter, 2011; Gelsleichter & Evans,
2012; Awruch, 2013). Progesterone was the only measurable hormone present in
histotroph of the spotted electric ray, T. marmorata during pregnancy (Fasano et al.,
1995). Mull et al. (2010) suggested P4 may regulate the production and composition of
histotroph, since elevated levels altered the expression of endometrial genes associated
with select proteins of bovine histotroph (Forde et al., 2010). However, the regulation of
T. marmorata histotrophy remains uncertain as glandular activity of uterine villi was
increased during the pre-ovulatory phase and switched to limited mucous secretions from
basal crypts during most of gestation (Uva & Tagliaferro, 1968; Uva, 1971).
Among myliobatiform rays, circulating serum concentrations of P4 were elevated
during the peri-ovulatory periods of D. sabina and had a second, smaller, peak during
advanced stages of gestation (Snelson et al., 1997; Tricas et al., 2000). Both periods either
corresponded with or closely followed much larger peaks in E2. Snelson et al. (1997)
further implied that the second, late stage surge in E2 (June-July), corresponded with
histotroph production during the transition to matrotrophic conditions in response to
luteinization of atretic follicles. However, these speculations were not experimentally
tested and the second increase in E2 was more likely related to patterns of vitellogenesis
associated with the incomplete, secondary period of follicle development. Amesbury et
al. (1998, 1999a, b) did not analyze P4 levels for D. sabina, however elevated levels of E2
were correlated with modifications of secretory proteins expressed in histotroph,
opposed to glandular development. Conversely, higher levels of P4 were reported for U.
halleri that remained elevated during the peri-ovulatory stages, and progressively
increased to maximum levels during mid to late gestation (Mull et al., 2010). The middle
to late stages of gestation corresponded with maximum trophonematal development and
glandular activity for both U. jamaicensis (current study) and D. sabina (Amesbury, 1997;
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Amesbury et al., 1998, 1999b). Thus, differences in hormone levels between both genera
may be indicative of patterns in follicle development, with either multiple batches of
vitellogenic follicles simultaneously growing throughout the year (i.e., U. halleri), or
punctuated seasonal patterns of follicle growth (i.e., D. sabina). Interestingly, studies of
myliobatiform rays with multiple batches (or waves) of developing follicles have been
documented exclusively for species with bilaterally functional uteri: P. circularis (Thorson
et al., 1983); M. californica (Martin & Cailliet, 1988); U. halleri (Babel, 1967); U. rogersi
(Mejía-Falla et al., 2012); G. altavela (Alkusairy et al., 2014); U. jamaicensis (current
study).

Nonetheless, the information gained by merely correlating reproductive

condition with circulating steroid concentrations is itself severely limited. Additional
details on local levels of hormones, correlated processes, and the expression patterns of
cognate receptors is required to better define the complex endocrine ovarian and uterine
processes.
The hormonal patterns of U. jamaicensis during the biannual reproductive cycle are
clearly complex, and of particular interest is the mechanism that regulates intermittent
function of the right uterus between cycles. Since the left ovary is essentially the primary
source of luteal P4 production, the lack of continued uterine development during periods
of inactivity, as well as development of the right uterus when both uteri are active,
suggests unique vascular arrangements exist with local destination transfer of
physiological regulators between the left ovary and both uteri (Stefańczyk-Krzymowska
et al., 1998; Einer-Jensen & Hunter, 2005; Hunter, 2012; Krzymowski & StefańczykKrzymowska, 2012). Similar vascular arrangements have been described for numerous
mammals that produce single (monotocous) or multiple (polytocous) offspring, and
exhibit reproductive asymmetry (Marshall, 1953; Wimsatt, 1979; Towers et al., 1986; Pow
& Martin, 1994; Cruz & Selwood, 1997; Renfree, 2000; Cicinelli et al., 2004; Hafez et al.,
2007). Furthermore, the reliance of endometrial development on conceptus presence
with presumed paracrine signaling likely includes local retrograde exchange of hormones
to the left ovary, to generate a functional feedback loop (Cicinelli et al., 2004). In addition
to further histological examination, perfusion studies and corrosion casts of the peri249

ovarian vasculature is needed to determine vascular supply to the right uterus, and
particularly the occurrence of anastomoses both within and between the bilateral uteroovarian vascular complexes. Myliobatiform rays are ideal candidates for the comparative
study of these relationships, as they exhibit varying levels of uterine symmetry, minimal
function or activity of the right ovary, display monotocous and polytocous patterns of
fecundity, have diverse patterns of reproductive periodicity (multiannual, annual,
biennial, and triennial cycles), and are highly matrotrophic.
4.3.4 Quantification of Matrotrophic Contributions
Comparing changes in the estimated weights from uterine ova to term embryos leads
to the inescapable conclusion that myliobatiform rays undoubtedly produce extensive
levels of matrotrophic input. However, few studies have attempted to determine the
change in organic weight from ova to parturition, with most studies only reporting
measured wet weight values or estimated dry weight values (Table 4.2). The lack of
compositional analyses, along with inconsistent methods, variable formulae, and errors
in calculations have remained a problem in the analyses of maternal-embryonic
nutritional relationships (Huveneers et al., 2011; Moura et al., 2011; Frazer et al., 2012;
Paiva et al., 2012; Cotton et al., 2015). Excluding the original protocols of Ranzi (1932a,
1934a), this study is the only investigation of myliobatiform rays to perform a
compositional analysis using current methods to determine a change in organic weight
(Guallart & Vicent, 2001; Huveneers et al., 2011; Frazer et al., 2012). Furthermore, prior
to this study, the combination of calculated weight changes and the histology of uterine
secretory epithelia has only been performed on several species of sharks: Squalus
megalops (Braccini et al., 2007), Mustelus antarcticus (Storrie et al., 2009), and
Centroscymus coelolepis (Moura et al., 2011). The change in organic weight (4490.6%) in
U. jamaicensis verified extensive matrotrophic conditions, and was larger than the
previous range (1628-3900%) reported for several myliobatiform rays (Ranzi, 1932a,
1934a). Dry weight analyses indicated a similar but slightly larger change in weight
(4924.7%) and may prove to be a more feasible approach for a broader scale comparison
within the order.
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Despite previously suggested discrepancies in organic content of U. jamaicensis
histotroph, comparative wet weight estimates of term stage embryos to ova (5366.8%)
far surpassed those of species with a reportedly higher quality histotroph: D. americana 3125% (Hamlett et al., 1996a, 2005a), D. sabina - 3716% (Amesbury, 1997), and R.
bonasus - 3000% (Hamlett et al., 1985). Comparable levels of matrotrophic input have
been reported for most species of myliobatiform rays, with only U. bucculentus (Trinnie
et al., 2012) and U. microphthalmum (Santander‐Neto, 2015; Santander‐Neto et al., 2016)
reported to have higher differences in ova-to-term wet weight values than U. jamaicensis
(Table 4.2). However, the accuracy of these larger values is uncertain, as it remains
unclear if developing ovarian follicles or ovulated uterine ova were used to perform
calculations. Furthermore, since water is incorporated into embryonic tissues during
development, even lecithotrophic species typically have moderate increases in the wet
weights of term stage embryos (Frazer et al., 2012). Thus the extreme estimates of a
change in wet weight (ca. 5000-7000%) reported for urolophid stingarees (Trinnie et al.,
2012, 2016), and Urotrygon microphthalmum (Santander‐Neto, 2015; Santander-Neto et
al., 2016) may be somewhat misleading.

The initial wet weight estimates of U.

jamaicensis were considerably larger (5366.8%) than both the dry and organic weight
changes, which supports the tendency for wet weights to overestimate % change (Table
4.3). However, the analysis of a larger data set of wet weights, which included several
larger sized embryos during C2, produced a substantially decreased difference (4423.3%)
between uterine ova (n = 48) and term stage embryos (n = 59) (Table 4.3). These findings
emphasize the need to both increase sample sizes, and compare each reproductive cycle
individually to clarify matrotrophic relationships.
Previously, the Chemical Balance of Development (CBD) has been used in attempts to
quantify matrotrophic conditions for several myliobatiform rays (Capapé, 1993; Capapé
& Zaouali, 1995; Seck et al., 2002; Hemida et al., 2003; Capapé et al., 1992, 2007; Alkusairy
et al., 2014). The analysis uses reference values (50% water content of ova and 75% water
content of embryos) from an oviparous species (S. canicula) to estimate the dry weight
values for CBD parameters. However, since the water content of ova and embryos varies
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among species and modes of reproduction, CBD estimated dry weights can affect the
accuracy of calculated values if the actual water content ratios between ova and embryos
differs substantially from the reference values (Hamlett et al., 2005a). In addition to
unreliable dry weight estimates, the procedure fails to account for an IYS, and arbitrarily
assigns values greater than 1.0 to indicate matrotrophic conditions (Table 4.3). The
calculated mean values for water content of U. jamaicensis uterine ova (76.4%) and term
embryos (79.6%) during the current study were higher than S. canicula reference values
(particularly for ova), which considerably reduced the estimated mean dry weight of
uterine ova. The resulting (%) change in dry weight measured for U. jamaicensis
(4805.8%) was two-folds higher than estimates performed with CBD reference values
(2192%), which signifies that the matrotrophic contributions of myliobatoids measured
with this method have likely been underestimated.
Among lecithotrophic to lesser matrotrophic species, offspring size is more affected
by the initial yolk supply and the amount of yolk remaining within the IYS at time of birth
(Guallart & Vicent, 2001). In these animals, excluding environmental conditions and
associated metabolic costs, the size of ovulated eggs will ultimately determine how big
an embryo is capable of growing. Conversely, in matrotrophic species variability in the
nutritional relationships and ultimate growth of the embryo is more dependent on
maternal input. In U. jamaicensis, the individual weights of uterine ova at the start of
each reproductive cycle were apparently irrelevant in comparison to the variable
intrauterine conditions and extensive matrotrophic input experienced by embryos during
gestation. Thus, maternal size and seasonal variations in brood size were more important
elements for determining size at birth, likely by altering the extent of uterine packing and
intrauterine competition for histotroph. In U. jamaicensis, limited fecundity and the
collapse of maternal size-brood size relationships during C2, further supports that each
cycle should be treated separately as the parameters to determine weight change
estimates are too complex for combined mean values.
Most rays produce relatively small-sized follicles (11-43 mm LFD), have low to
moderate levels of fecundity (1-15, normally less than five), and give birth to
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proportionally large-sized offspring (10-42% of maximum adult size, mean ca. 30%) (Table
4.2). Presumably, species with lengthy non-reproductive periods may have limited
histotroph production at the beginning of gestation when trophonemata are still
regenerating. Since the timing of secretory activity and offspring size at birth can
influence gestation rates, these species must either compensate with higher quality
histotroph or lengthy rates of gestation. In U. jamaicensis, the limited regression of
trophonemata and the quick transition between sequential cycles prolonged secretory
activity and reduced recovery rates. The repetitive use of the left uterus during both
cycles maintained an advanced uterine structure in comparison with the delayed
regeneration of the right uterus, which was generally inactive during C2. The onset of
histotrophic input occurred early during gestation, as the organic weight of an early stage
embryo (0.1 g) was roughly equivalent to the mean organic weight of uterine ova (0.149
g), with the continued presence of an EYS and yolk contents extending into latter stages
of development. Thus, matrotrophic contributions during the biannual cycle of U.
jamaicensis, resulted from large quantities of a dilute histotroph that was produced
throughout most of gestation. Although this dilute histotroph appears of reduced
nutritional quality, further analyses are required to fully determine the composition and
nutritional value, of this uterine milk throughout gestation. An accurate comparison of
matrotrophic input among myliobatiform rays with adequate sample sizes is still
necessary, and will require a comprehensive analysis of histotroph composition that takes
into consideration maternal size, brood size, offspring size, and length of gestation.
4.3.4.1

Potential Sites of Nutrient Uptake

Studies on chondrichthyans that have addressed nutritional uptake during early phase
embryonic development are predominantly scattered among the older literature (Ranzi,
1932a, b, 1934a, b, 1936; Pitotti, 1936; Von Bonde, 1945a, b, 1948; TeWinkel, 1950, 1957,
1963a; Jollie & Jollie, 1967a, b; reviewed in Wourms, 1997). More recent studies have
mostly been conducted on oviparous and yolksac viviparous species with extensive yolk
supplies (i.e., large ovarian follicles) (Mellinger, 1989; Mellinger et al., 1986; Ballard et al.,
1993; Lechenault et al., 1993; Lechenault & Mellinger, 1993; Wrisez et al., 1993; Rodda &
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Seymour, 2008; Luer et al., 2009; Wyffels, 2009), or exclusively on the pre-implantation
yolksac of placental species, since the EYS persists and expands to form the embryonic
portion of the placental complex (Baranes & Wendling, 1981; Hamlett, 1986; Hamlett &
Wourms, 1983, 1984; Hamlett & Hysell, 1998; Hamlett et al., 1987, 2005b; Storrie et al.,
2009). The majority of these and additional molecular based studies have focused strictly
on embryonic development with few exceptions of described extraembryonic tissues
(Sauka-Spengler et al., 2003, 2004; Coolen et al., 2007, 2008; Gillis & Shubin, 2009;
Godard & Mazan, 2013; Godard et al., 2014).
The sequence of nutritional processes and coinciding respiratory functions of
extraembryonic and embryonic structures have been variously interpreted, and may
differ among species and modes of reproduction. Early stage nutrition of embryos has
been described as several sequential and overlapping “processes” completed by all
chondrichthyans during initial lecithotrophic stages (TeWinkel, 1943; Wourms, 1977,
1981; Hamlett & Koob, 1999; Hamlett et al., 2005a): 1.) Yolk incorporated into hypoblast
cells with intracellular digestion, 2.) Extracellular digestion and transfer of yolk to the
vitelline circulation via the yolk syncytial-endoderm complex, and 3.) Direct “transfer” of
intact yolk via ciliated cells of the ductus vitello-intestinalis with absorption completed in
the spiral valve. Additional consideration has been given to EYS ectoderm uptake of either
secretions (i.e., histotroph) or “dissolved substances” transudate from the maternal
circulation (i.e., VTG) with transfer to the vitelline circulation, or general epithelium of
embryonic tissues (Hamlett et al., 1987; Lombardi et al., 1988, 1989).
The processes involved in yolk absorption and utilization vary with stage of
development and mode of reproduction in accordance with initial size of the yolk mass.
In lecithotrophic species (i.e., oviparous and yolksac viviparous) and some matrotrophic
species, an internal yolksac (IYS) is often present, and may function as a short-lived
“reservoir” of nutrients post-partum (Yano, 1992; Rodda & Seymour, 2008; Trinnie et al.,
2009).

Similarly the liver of placental carcharhinids (Hussey et al., 2010), and

oophagous/adelphophagous species following the transfer of yolk from the enlarged
cardiac stomach have been reported to form temporary hepatic energy reserves among
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neonates (Gilmore, 1993; Gilmore et al., 2005; Saĭdi et al., 2005b). The spiral valve
intestine of embryonic D. americana has also been considered a potential storage site of
absorbed materials from ingested histotroph (Hamlett et al., 1996b). Additionally,
calcium concretions have been observed in the spiral valves of embryonic U. jamaicensis
and U. halleri (Babel, 1967; Harms et al., 2004; current study).
Numerous studies have noted that early stage embryos of myliobatiform rays and
other matrotrophic elasmobranchs, likely absorb histotroph through the EYS and EGF
(Davy, 1834; Dean, 1906; Gudger, 1912, 1914, 1940; Von Bonde, 1945; Babel, 1967;
Wourms, 1977, 1981; Hamlett et al., 1985d, 1996a, 2005a). Previous studies have also
considered the transfer of yolk to EGF (Balfour, 1885; Alcock, 1892b), or EGF absorption
of transudate from trophonemata vasculature (Haswell, 1889). Several studies have cited
published works of Ranzi (1934a, b, c) as describing the uptake of India ink by EYS and EGF
of Pteroplatytrygon violacea (=Trygon violacea), following injections into the uterine
fluids (Hamlett et al., 1985a, b, 1996a, 2005a). However, an extensive literature search
of Ranzi’s prolific writings have failed to support this claim. Additional reports have
specified the ingestion and transfer of ink to the gut (Needham, 1942; Babel, 1967;
Wourms, 1977; Wourms et al., 1981, 1988), however ingested Carmine granules (a buffer
typically mixed with India ink) have only been briefly noted from gut contents of Mustelus
asterias (=M. vulgaris) (Ranzi, 1932b). Nonetheless, Ranzi (1934a) did consider it possible
for uterine fluids of matrotrophic species to receive direct input of unspecified nutritional
materials from the maternal vasculature. Furthermore, Wood-Mason & Alcock (1891a)
considered that the loss of egg envelopes during early gestation in myliobatiform rays,
suggested a secretory function of uterine glands with absorption or ingestion of
histotroph by the developing embryos.
TeWinkel (1957) suggested that materials of uterine origin (endometrial or vascular)
diffused through the egg capsule during the pre-placental yolk-sac expansion of M. canis,
but the study lacked evidence of uptake and absorption. The pre-implantation yolksac of
small (ca. 4.5 cm FL) Atlantic sharpnose shark (R. terraenovae) embryos was not
permeable to the molecular marker, horseradish peroxidase (HRP) (Hamlett, 1986, 1989;
255

Hamlett et al., 1987, 1993, 2005b). However, larger pre-implantation embryos (ca. 10 cm
FL) exhibited inclusions, within the mesodermal stroma that separated the ectoderm and
vitelline endothelium, that were interpreted as maternal hepatically derived vitellogenin
precursor materials (Hamlett & Wourms, 1983, 1984). Thus, the yolksac ectoderm was
considered to gradually perform an absorptive function with transitional levels of
histotrophy during placental ontogeny (Hamlett & Wourms, 1983, 1984; Hamlett, 1986;
Hamlett et al., 2005b). Portions of the yolksac, particularly the fetal attachment site along
the vascularized distal segment of the EYS of placental species, as well as the
appendiculae extending from the yolk stalk of certain species have been considered
potential sites of nutrient uptake of paraplacental, periembryonic histotroph (Hamlett et
al., 1985a, 1987, 1993; Lombardi et al., 1988, 1989; Otake, 1990). Nonetheless, it remains
undetermined if earlier stages of histotrophic species are capable of uterine fluid uptake
once the vitelline circulation has been established.
Little attention has been given to the nutritional uptake of histotrophic species,
particularly those with secretory activity that occurs primarily during the early stages of
development (e.g., Torpedo spp.; aplacental triakids). These species may only have
sufficient secretory activity of nutrient enriched histotroph, during the stages when EGF
are in the process of development, and when endocytosis of uterine fluids by the yolksac
ectoderm may be important for minimal histotrophy of mucous materials (Uva, 1971,
Storrie et al., 2009). The early occurrence of secretory activity in U. jamaicensis, and the
short-lived duration of egg investitures is supportive of the EYS as a possible site of
nutritional uptake. This would establish a dual supply of nourishment to the vitelline
circulation of metabolites transferred from both the yolk mass, across the yolk syncytiumendoderm complex, and the uterine fluids. Either of these functions could be replaced
with development of EGF and would eventually be succeeded by development of the
functional gut (Hamlett et al., 1996a, b, 2005a). If absorption is occurring, but the
proximal alimentary tract is non-patent, then the only feasible route would be via the
extraembryonic tissues into the embryonic vasculature (i.e., yolksac or EGF) with further
uncertainties in determining whether such presumptive uptake involves either histotroph
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or transudate (e.g., VTG) from the maternal vasculature as a source of nourishment
(Mellinger et al., 1987).
4.3.4.2

Potential Alternative Sources of Nourishment

The continued supply of hepatically derived, yolk precursor “products” from the
maternal circulation with a potential contribution to histotroph as transudate from the
uterine blood vessels has previously been suggested for rays (Hamlett et al., 1993, 1996a)
and other matrotrophic elasmobranchs (Hamlett, 1986; Hamlett & Wourms, 1983, 1984;
Hamlett & Hysell, 1998; Hamlett et al., 2005b). The histotroph of U. jamaicensis could
conceivably transport yolk pre-cursor material from the maternal circulation to the
yolksac or EGF of developing, early stage embryos, and possibly throughout gestation
during periods of active vitellogenesis. The continued supply of VTG was present in
goodeid fish (Girardinichthys viviparus and Ameca splendens), providing a moderate
source of matrotrophic input during intraluminal (ovarian) gestation (Vega-López et al.,
2007). Extravasation of metabolites was also considered the dominant mechanism of
histotroph production in some viviparous teleosts (Wourms et al., 1988). Continuous
input of VTG may also arise from materials stored during the vitellogenic phase, persistent
synthesis associated with maturation of successive follicular cohorts, and in the case of
U. jamaicensis may involve the recycling of VTG from pre-ovulatory atretic follicles.
Recycled VTG may be transported back to the liver and reused during subsequent
vitellogenic processes, or exhibit local ovarian transfer between atretic and growing
follicles to supplement current vitellogenesis. Additionally, a third pathway may be from
circulating VTG that is extravasated from the uterine vasculature and incorporated into
endometrial secretions (i.e., histotroph) (Hamlett et al., 2005a). Supplemental VTG may
then undergo the same transfer processes suggested for histotroph with absorption into
the vitelline circulation or EGF during early stages, or with ingestion during later stages.
The closely apposed squamous layers of the yolksac ectoderm and subjacent endothelium
are well suited for respiratory exchange, but require additional research (i.e., histotroph
analysis and tracer studies) to address their potential for nutritional uptake of histotroph
secretions or extravasated metabolites (Vega-López et al., 2007).
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The presumption that A. nichofii did not encapsulate ova, led Prasad (1945b) to
suggest that secretions extruded from secretory tubules of the oviducal gland (OG)
emptied into the uterus to possibly “form a sort of nutrient material”. A second period
of secretory activity was observed in the anterior oviducts and OG of U. jamaicensis
during mid-gestation (see, Chapter 5). The potential that oviducal secretions reach the
uterus during gestation needs to be addressed, but the increased secretory activity may
simply represent a surge in hormone levels that resembled ovulatory conditions. Fisher
(2010) noted a gelatinous material or “goo” that he presumed was a substance secreted
by the uteri of immature cownose rays (R. bonasus). Additional observations of the
“inactive” uteri of mature specimens, contained a fragile, membranous sheet or “ribbon”
that became more rigid during the latter stages of gestation. Both of these products
consisted of a high molecular weight phosphoprotein and were considered possibly
related to the yolk protein precursor, vitellogenin (VTG). However, since developing
embryos of R. bonasus are initially encapsulated (Hamlett et al., 2005a), and empty shell
capsules have previously been observed in the typically non-functional right uterus of
several gravid females (Smith & Merriner, 1986), these specific observations appear to
likely be misidentified capsular material that was bilaterally secreted by each OG. The
fragile egg envelopes observed for U. jamaicensis also remained more intact within
inactive uteri (see, Chapter 5).
Several previous studies on elasmobranchs with diverse reproductive modes have
reported peripartum sloughing of endometrial tissues (Metten, 1939; Matthews, 1950;
Lewis, 1982; Hamlett et al., 2002b; Colonello et al., 2013; Elías, 2015a, b). Matthews
(1950) was the first to suggest a potential nutritive function of uterine cellular debris to
supplement ovatrophy in the basking shark, C. maximus. Colonello et al. (2013) also
noted a potential passive ingestion of shed trophonematal tissues by M. goodei. Hamlett
et al. (2002b) indicated that basal mucous droplets mixed with the apical cell fragments
of M. canis paraplacental tissues, as both were shed and released during epithelial
sloughing. However, it would be unlikely for any substantial nutritive contributions to be
provided by these shed tissues as the embryonic compartment and the endometrium of
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most placental species and aplacental triakids are completely separated by the tertiary
egg envelope throughout gestation. However, the degenerative uterine conditions of
term stage U. jamaicensis were associated with excessive tissue sloughing, bleeding and
cellular debris, which discolored histotroph and may have provided an additional source
of nourishment.
4.4 Conclusions
The biannual cycle of U. jamaicensis with bilaterally functional uteri and two
consecutive endometrial cycles provides advantages for comparing ontogenetic, stage
specific, and seasonal variations in uterine structure.

The seasonal differences in

fecundity allowed the direct comparisons within individual rays of both active and inactive
uterine conditions. Furthermore, the uterine structure of specimens with unfertilized ova
represented a transitional condition between inactive and early active stages of the
endometrial cycle.

During various stages of gestation, several corresponding

modifications occurred between embryonic and maternal structures to facilitate
respiration and nourishment. The length and width of U. jamaicensis trophonemata
increased in size during maturation, and the structure was repeatedly modified
throughout gestation. Increased length of trophonemata may indicate maturational
processes are underway, however the use of “highly” vascularized trophonemata as the
sole criterion for morphological maturity was deemed unreliable. The trophonemata of
immature and non-reproductive rays remained continuously vascular but required
histological examination of endometrial tissues to verify glandular development.
The glandular tissues of the endometrium (trophonemata and basal crypts) are
simultaneously responsible for the synthesis and secretion of nutritional histotroph,
exchange of respiratory gases, and osmoregulation of the uterine fluids. Vascularization
patterns increased throughout gestation in accordance with the respiratory demands of
developing offspring, whereas glandular activity peaked during mid-late stage
development and gradually declined through term stage. The vascular patterns of basal
crypts and the surrounding mucosal ridge epithelium of gravid uteri, appeared to precede
those of trophonematal ridge epithelium as functional respiratory membranes during
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early stages of development.

However, as gestation progressed, the thinning of

trophonematal ridge epithelia and dilation of subjacent capillaries reduced the diffusional
distance of these respiratory barriers and dramatically increased the surface area
available for gas exchange. Similarly, basal crypts were initially involved in early glandular
processes and were apparently responsible for the pre-ovulatory synthesis and secretion
of uterine fluids. Although basal crypts remained developed throughout gestation, the
full extent of their contributions to histotroph production in U. jamaicensis is
undetermined. However, the endometrial cycle was definitively characterized by the
proliferative and degenerative patterns of adenogenesis among the profusely distributed
trophonemata.
The unilateral endometrial reaction of individual rays during the paired comparisons
of bilaterally functional gravid and non-gravid uteri clearly indicated that embryonic
signals were involved in the recognition and maintenance of pregnancy. The increased
glandularization of trophonemata in uteri containing more ova, also suggested that
earlier ovulation and lateralized fecundity patterns influenced the timing and level of the
conceptus signaling mechanisms. Similar to other myliobatiform rays, yolk contents of U.
jamaicensis persisted for lengthy durations and remnants of the depleted EYS were
considered to play a possible role in signaling pregnancy recognition and histotroph
production.
The timing and periodicity of secretory activity and the organic content of histotroph,
determines the level of matrotrophic input possible. Although chondrichthyans are
initially yolk reliant, the indication of an earlier onset of histotrophy and the extensive
glandular structure of U. jamaicensis trophonemata suggests that matrotrophic
contributions are the result of quantity over quality of the histotroph produced. If U.
jamaicensis histotroph is persistently dilute throughout gestation, then the lengthy
production and secretion of histotroph would seemingly ensure that large quantities of
nourishment are continuously available. However, various types of secretions (serous
and lipid-like) and secretory processes (merocrine, apocrine, and holocrine) were
recorded, and the potential for several additional sources of nourishment throughout
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varying stages of gestation were discussed. Early sites of nutrient uptake and absorption
(i.e., EYS and EGF), combined with the ingestion of sloughed endometrial tissues and
blood cells (i.e., matrophagy) during near-term and term stages, seemingly contributed
to a dynamic mixture of histotroph from multiple sources (Blackburn, 2015). However,
the extent, if any, to which tissue sloughing provides the “meat” of histotroph during
near-term to term stages when glandular secretions are noticeably reduced still needs to
be determined. Hamlett et al. (2002b) stated that uterine sloughing does not occur during
the endometrial cycle of myliobatiform rays, with trophonemata merely regressing and
regenerating during subsequent reproductive cycles. However, endometrial sloughing
was undoubtedly observed during the current study, and minimally some level of
incidental ingestion must occur.
The basic structure of U. jamaicensis trophonemata was similar to other
myliobatiform rays, however there were substantial differences in the proportionally
larger size and number of glands than reported in most studies. Conflicting reports of the
vascular arrangement and glandular development of trophonemata among other
myliobatiform rays likely corresponds with expected differences between uterine stages
and the timing of sampling, but may also include interspecific differences in structure that
requires a more comprehensive and comparative examination to fully elucidate. In U.
jamaicensis, the small size of offspring may further offset embryonic energy requirements
and account for the dilute histotroph. However the biannual cycle with increased
fecundity and the extensive histotrophy presents some questions as to how the species
achieves the high level of offspring productivity in comparison with other rays. Further
investigation of matrotrophic contributions is warranted with larger sample sizes and
multiple developmental stages to clarify the onset of matrotrophic conditions and
determine the organic content of all potential forms of nourishment. The unique
reproductive traits of U. jamaicensis should prove beneficial for the study of numerous
reproductive processes and the experimental investigation of their corresponding and
poorly understood regulatory mechanisms (e.g., endocrine, paracrine and complex
ovarian-uterine vascular arrangements).
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Chapter 5
Oviducal gland structure, distribution of sperm and potential alternative
sites of sperm storage and fertilization in the yellow stingray, Urobatis
jamaicensis (Cuvier, 1817) (Myliobatiformes: Urotrygonidae) during the
seasonally biannual reproductive cycle
5.1 Introduction
The successful management of chondrichthyan species requires a complete
understanding of their reproductive biology, which typically includes a combination of
unique and conserved processes that characterize each mode of reproduction.
Furthermore, determining specific functional attributes of female reproductive anatomy
is essential for identifying the mating system displayed and the extent to which breeding
behavior may influence reproductive strategies. Particularly, relevant in this regard is
establishing the distribution and fate of sperm deposited within the female reproductive
tract, with an emphasis on oviducal gland structure and morphological attributes
potentially favorable for sperm storage (Hamlett et al., 2005c; Storrie et al., 2008).
The oviducal gland (OG) of chondrichthyans is a modified segment of the oviduct that
forms a discrete organ situated between the anterior oviduct (uterine tube) and the
distally expanded uterus. The OG may transition either directly with the uterus forming
the utero-oviducal junction, or precede a narrow, caudal segment of oviduct (or isthmus)
proximal to the origin of the uterus. The OG has variably been named the nidamental
gland or shell gland during a lengthy record of previous studies (Table 5.1). The first term
originates from the Latin expression nidamentum (materials for a nest, derived from
nidus, L. for nest); whereas the second term has obvious descriptive and functional roots
that apply to the durable egg capsules or shells that are produced by oviparous species.
The terms have often been considered “synonymous” but as they are by definition
restricted to specific modes of reproduction, the use of oviducal gland has been
recommended as a more comprehensive term to emphasize a common derivation from
the oviducts (Hamlett & Koob, 1999; Hamlett et al., 2005c). In general, the majority of
chondrichthyan reproductive studies have been limited to external measurements of
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maximum OG width, however, a number of these studies have used size and weight
measurements of the OG for developing somatic indices to establish patterns in the
ovulatory cycle, or as an essential parameter in maturity indices (Sulikowski et al., 2005b;
Henderson et al., 2006; Braccini et al., 2006; Trinnie et al., 2009; Baremore, 2010; SerraPereira et al., 2011a; Ba et al., 2013; Porcu et al., 2014; Marongiu et al., 2015; Osaer et
al., 2015; del Mar Pedreros‐Sierra et al., 2016).
The gross morphology, microscopic organization and histochemistry of the OG of
oviparous and viviparous chondrichthyans has previously been investigated (Table 5.1),
however, only a limited number of species (ca. 2% of total chondrichthyans) has been
examined. Older studies have largely focused on the formation of egg cases among
oviparous species, whereas more recent studies have increasingly used histology to verify
sperm storage in the OG. Many of these studies represent only brief accounts with limited
sampling, however a number of studies have either provided detailed descriptions on the
structure of the OG or have examined the condition at different stages of the reproductive
cycle (Nalini, 1940; Prasad, 1945a; Lewis, 1982; Knight et al., 1996; Hamlett et al., 1998b,
1999a, 2002a, b; Smith et al., 2004; Storrie et al., 2008; Galíndez & Estecondo, 2008;
Galíndez et al., 2010a; Serra-Pereira et al., 2011a, 2011b; Moura et al., 2011b; Gonzalez
de Acevedo, 2014; Henderson et al., 2014; Porcu et al., 2014; Elias, 2015b, c; Marongiu et
al., 2015; del Mar Pedreros‐Sierra et al., 2016).
The structural organization of the chondrichthyan OG typically consists of an
alternating series of transverse ridges (termed lamellae) and grooves that completely
encircle a dorsoventrally flattened lumen. The OG has been referred to as a compound
tubular gland, since the entire circumference of the organ is comprised of numerous
secretory tubules that are embedded within a modest stroma of highly vascularized
connective tissue (Knight et al., 1996). These secretory tubules consist of a parallel series
of long, tubular glands that radiate peripherally outward from the central lumen of the
gland. The secretory tubules and lamellae are each composed of simple columnar
epithelia that are populated by two cell types; non-ciliated, secretory cells and ciliated,
non-secretory cells (Hamlett et al., 1998b, 2005c; Serra-Pereira et al., 2011b).
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Occasionally, the epithelium of the spinnerets in the baffle zone (Galíndez et al., 2010a)
and sperm storage tubules in the terminal zone (Smith et al., 2004; Moura et al., 2011)
are described as having a low columnar or cuboidal epithelium (see zonation below). The
abundant secretory cells synthesize and secrete regionally distinct materials that are
transported through the secretory tubules and eventually released into the main OG
lumen. The secretory tubules are, in turn, connected with the main lumen via short
excretory ducts that are adluminally positioned within the transverse grooves between
lamellae (Knight et al., 1996). Secretory tubules typically consist of numerous simple or
moderately branched, tubular glands that have a simple columnar epithelium with
scattered ciliated cells. Whereas, surface epithelia of the ridges, lamellae, and excretory
ducts are predominantly non-secretory, ciliated columnar cells (Hamlett et al., 1998b,
1999a, 2005c).
Histologically, the secretory tubules exhibit regionally distinctive cellular attributes
and staining affinities that have lead previous researchers to designate specific zones
within the OG, based upon presumptive secretory products (e.g., albumen, mucus and
shell-secreting zones) or histochemical characteristics (Metten, 1939; Nalini, 1940;
Prasad, 1945a, b; Threadgold, 1957; Rusaouën, 1976; Knight et al., 1996). However, the
functional characteristics and secretory nature of the OG varies between species,
throughout gestation, and may also have seasonal patterns of development (Hamlett et
al., 2005b; Serra-Pereira et al., 2011b; Marongiu et al., 2015). Currently, the most widely
used terminology delineates the OG into four zones, each of which is based upon the
descriptive morphology of lamellae while viewing sagittally sectioned OGs; from an
anterior to posterior direction they are the club (CZ), papillary (PZ), baffle (BZ), and
terminal zones (TZ) (Hamlett et al., 1998b, 1999a, 2005c). Since these morphological
attributes are common among most species with varying modes of reproduction, they are
considered more reliable than zonation based solely on secretory patterns (Hamlett et
al., 2005c).
The basic functions of OGs are to secrete protective egg jelly coverings (club &
papillary zones), form tertiary egg envelopes (baffle zone), and among some species
264

fabricate external adornments for egg cases (e.g., anchoring fibers, surface hairs or
tendrils) or provide a mechanism for sperm storage (terminal zone) (Hamlett et al., 2005c;
Wyffels, 2009). As ciliated cells transport ovulated ova through the OG, each of these
functions occurs sequentially in a pattern that is correlated with the distinctive zones
common among most species examined. The overall development of each zone and the
proportional space that each occupies within the OG is species-specific with recognizable
differences observed between modes of reproduction, as well as contrasting reproductive
strategies (Hamlett et al., 1998b; Hamlett & Koob, 1999). The OGs of oviparous species
have extensively developed baffle zones, exhibiting numerous elongated lamellae (i.e.,
plateau projections) that surround paired baffle plates situated in the transverse grooves.
These baffle plates form spinnerets, which are involved in the production of complex and
durable egg cases. The OGs of yolksac viviparous species are generally less developed or
reduced (potentially absent in some narcinids), and the secretion of a thin, pliable egg
“candle” has been described for many species (Hamlett et al., 2005c). Most remaining
matrotrophic species exhibit varying intermediate levels of OG development, with some
species displaying extensive lateral extensions (i.e., “ram’s horns”) that produce lengthy,
pleated egg envelopes (Hamlett et al., 2005c; Storrie et al., 2008). The egg coverings of
viviparous species are typically considered simplified structures that persist for varying
periods throughout gestation with several reports of species lacking tertiary egg
envelopes entirely (Prasad, 1945b; Capapé et al., 1990; Hamlett et al., 1998b). Thus, egg
coverings of viviparous elasmobranchs are predominantly transient structures with
periods of encapsulation ranging between brief and lengthy durations. Despite these
generalizations, data on the specific type of egg investitures produced, and the presence
or absence of tertiary egg envelopes in general remains lacking for most species.
However, in most placental species, and related triakid yolksac viviparous species, the egg
membrane remains intact and completely surrounds the developing embryos through
parturition (Hamlett et al., 2005a, c; Storrie et al., 2008). Ultrastructural studies have
described the separation of fetal and maternal portions of the yolksac placenta by an
intervening layer of egg envelope for most species examined (Hamlett et al., 2005a).
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The formation of egg cases has primarily been described for the oviparous smallspotted catshark (S. canicula) (Rusaouën, 1976; Rusaouën-Innocent, 1990; Feng & Knight,
1992; Knight & Feng, 1992; Knight et al., 1996). The secretion and assembly of a
multilaminate, collagenous capsule is produced by an extrusion die mechanism that is
formed by a series of spinnerets throughout the width of each transverse groove in the
baffle zone. For a more thorough and comprehensive review of oviparous egg case
formation (refer to Hamlett et al., 2005c). Several physiological and behavioral studies
have also been conducted on developing oviparous species (Evans, 1981; Sisneros et al.,
1998; Leonard et al., 1999; Sisneros & Tricas, 2002; Kempster et al., 2013), with further,
limited, research on the structure and permeability of egg capsules among viviparous
species (Lombardi & Files, 1993; King-Heiden et al., 2005).
Structural morphology of the oviducal gland has been described for 8 species of
myliobatiform rays: A. nichofii (Prasad, 1945b); D. sabina (Lewis, 1982); Himantura
(=Dasyatis) bleekeri (Chatchavalvanich & Visutthipat, 1997); U. halleri (Babel, 1967; Lewis,
1982); U. jamaicensis (LaMarca, 1961; Hamlett & Koob, 1999; Hamlett et al., 1996c,
1998b, 1999), Urotrygon venezuelae (Acero et al., 2008); and more recently for G.
poecilura (Henderson et al., 2014) and P. magdalenae (del Mar Pedreros‐Sierra et al.,
2016). The most comprehensive of these studies remains the unpublished dissertation of
Lewis (1982) on D. sabina, which provided an analysis of the seasonal patterns of
development and secretory activity throughout the reproductive cycle. The OGs of
myliobatiform rays are considerably reduced (or modified) in terms of the typical zonation
pattern described for chondrichthyans. Most reports discuss a uniform profile of lamellae
with flattened luminal extensions that differ only in size, with distinct secretory attributes
between the short anterior segment and the remaining posterior segment (Prasad,
1945b; LaMarca, 1961; Babel, 1967; Lewis, 1982). Henderson et al. (2014) further
designated three zones histochemically for the OG of G. poecilura with secretory tubules
partitioned into anterior (30%), medial (50%) and posterior (20%) zones; and considered
each region as functional equivalents to the combined club/papillary zones, baffle zone,
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and terminal zone, respectively. Three zones with similar staining attributes were also
described for the OG of P. magdalenae (del Mar Pedreros‐Sierra et al., 2016).
Prasad (1945b) originally described the lack of “tufts” (i.e., baffle plates, forming
spinnerets) in the baffle zone of the banded eagle ray, A. nichofii, and suggested that this
condition “would most likely indicate the inability to form complex egg coverings, but still
requires sufficient observations to verify the complete loss of this function”. The lack of
a complex baffle zone appears to be a common trait among myliobatiform rays, however,
the numerous and varied reports of egg coverings produced suggests that the shape,
thickness, and durability of the capsules is primarily affected and not the ability to
produce thin or structurally reduced coverings. Indeed, there are numerous reports of
uterine eggs encapsulated in a olive-brown, diaphanous membrane for many species:
Dasyatis centroura (Struhsaker, 1969; Capapé, 1993); D. sabina (Lewis, 1982; Snelson et
al., 1988; Johnson & Snelson, 1996); Dasyatis say (Snelson et al., 1989, Morris, 1999);
Dasyatis chrysonata (Ebert & Cowley, 2009); Dasyatis marmorata (=D. chrysonata,
uncertain) (Capapé & Zaouali, 1995); Pteroplatytrygon violacea (Mollet, 2002; Hemida et
al., 2003); Myliobatis californica (Martin & Cailliet, 1988); Pteromylaeus bovinus (Seck et
al., 2002); Myliobatis aquila (Capapé et al., 2007); Rhinoptera bonasus (Smith & Merriner,
1986); Trygonoptera mucosa and Trygonoptera personata (White et al., 2002);
Trygonoptera imitata (Trinnie et al., 2009); G. poecilura (Henderson et al., 2014); and P.
magdalenae (del Mar Pedreros‐Sierra et al., 2016). Several studies, often with limited
samples have noted that an egg case was not produced (Babel, 1967; Devadoss, 1978;
Hamlett et al., 1998b, 1999a, 2005c; Capapé et al., 1992), whereas all remaining studies
fail to mention the presence or absence of an egg covering (see Table 1.1). Thus, it is
unconfirmed for the majority of previously studied myliobatiform rays, whether an egg
envelope is truly lacking or if short-lived egg investitures are merely overlooked due to
either the timing of examinations and/or a more delicate condition of egg coverings.
However, reports of embryonic diapause among several myliobatiform rays involves the
maintenance of encapsulated ova in utero for extended periods and may entail a more
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structurally developed OG for these species in comparison with other rays (Snelson et al.,
1989, Morris, 1999, White et al., 2002; Trinnie et al., 2009).
The OG of U. jamaicensis has previously been described with two zones from
histological and histochemical examinations of several specimens (LaMarca, 1961; Jezior
& Hamlett, 1994; Hamlett et al., 1996c, 1998, 1999a, 2005c; Spieler et al., 2013). LaMarca
(1961) originally noted the entire luminal surface of the OG was “pitted with short
transverse slits” that represented the individual openings of glandular tubules.
Regionally, the anterior zone (ca. 25%) displayed lighter staining cells with small PAS+
secretory granules, whereas the more extensive posterior zone (ca. 75%) was
predominantly characterized by larger, darker staining PAS- secretory granules. The
descriptive morphology of both zones reported during latter investigations are similar,
however the functional attributes of the OG have been variably characterized. The club
and papillary zones, and the associated jelly coats produced have been described as either
present (Hamlett et al., 1998b, 1999a), or absent (Hamlett et al., 2005c), and the
complete lack of baffle plates with spinnerets has been referred to as a modified baffle
zone-equivalent (Hamlett et al., 1998b, 1999a, 2003). The terminal zone has only been
specifically addressed once and it was absent with no other mention of a functional
equivalent in modified form (Smith et al., 2004). The tubules of the baffle zone-equivalent
have been reported to contain dense secretory granules and to synthesize and store
bundles of novel fascicular-like secretory inclusions. These membrane-bound, rodshaped inclusions were further suggested to contribute to a short-lived egg covering
(Jezior & Hamlett, 1994; Hamlett et al., 1996c, 1998, 1999a). However, more recently
Hamlett et al. (2005c) have reported the OG is non-secretory and does not produce egg
jelly (lacks club and papillary zones) or a tertiary egg envelope (lack of baffle plates in
baffle zone-equivalent). Subsequently, U. jamaicensis is often cited in the literature as a
representative species with a “modified” OG that does not produce a tertiary egg
envelope (Storrie et al., 2008; Serra-Pereira et al., 2011b; Henderson et al., 2014; Rangel
et al., 2015). However, in association with the current study, preliminary observations of
capsular material in the uteri of U. jamaicensis, have suggested a short-lived egg covering
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is seemingly produced (Spieler et al., 2013). Regardless, the OG of U. jamaicensis, lacks
the typical chondrichthyan zonation and therefore does not conform to the standard four
morphologically classified zones previously discussed.
5.1.1 Distribution of Sperm within the Female Reproductive Tract and Sperm Storage
The occurrence of sperm storage in female chondrichthyans was originally suggested
from captive observations of female skates (Raja spp.), which were maintained in
isolation from male specimens but continued to deposit fertilized eggs for periods of
several weeks (LoBianco, 1909; Clark, 1922). More recent studies with scyliorhinids
extended the duration of fertilized egg deposition from ca. 7 months to over two years
(Castro et al., 1988; Ellis & Shackley, 1997), thus supporting the potential for viable longterm storage. Nevertheless, reports with lengthy durations of sperm storage in captive
animals still need to be genetically validated, as recent accounts of parthenogenesis
should be considered a possible alternative mechanism (Feldheim et al., 2010; Robinson
et al., 2011; Harmon et al., 2016; Straube et al., 2016). However, genetically validated,
sperm storage of 45 months was recently reported for captive bamboo sharks, C.
punctatum (Bernal et al., 2015).
Metten (1939) was first to formally assign the role of female sperm storage to the OG,
which he termed “receptaculum seminis” following histological confirmation of
spermatozoa within tubules of the “shell-secreting” or baffle zone in S. canicula. The
location of proposed sperm storage has previously been suggested to occur within the
abdominal cavity (Knight et al., 1996), anterior oviduct (Clark, 1922), anterior regions of
the OG (club and papillary zones) (Luer & Gilbert, 1985), and in the posterior regions of
the OG (Baffle zone) (Metten, 1939; Pratt, 1993). However, most of these records have
more recently been attributed to incidental occurrence of sperm in transit through the
OG, either following recent inseminations or release from the sperm storage tubules
(SSTs) located in the terminal zone (Hamlett et al., 2005c; Storrie et al., 2008).
A few studies have addressed the potential for female sperm storage among
myliobatiform rays with a histological examination of the OG (LaMarca, 1961 - U.
jamaicensis; Babel, 1967 - U. halleri; Lewis, 1982 - D. sabina; Morris, 1999 - D. say;
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Henderson et al., 2014 - G. poecilura). Of these studies, the occurrence of sperm in OGs
was only reported for D. sabina with marginal numbers of individual sperm within the
secretory tubules of the posterior zone (Lewis, 1982). Similarly, Maruska et al. (1996)
identified individual sperm in the OG of D. sabina from swabs collected just prior to
ovulation (Mar-April). Sperm were also present in the lower reproductive tract (e.g.,
cloaca) and frequently located within the uterus throughout the entire protracted mating
period (ca. 7 months) that commenced during October.
The occurrence of uterine sperm has only been histologically examined for several
species of chondrichthyans: S. canicula (Metten, 1939, 1944); D. sabina (Lewis, 1982); R.
horkelii (Lessa et al., 1986); I. omanensis (Fishelson & Baranes, 1998; Hamlett et al.,
2002a), M. canis (Hamlett et al., 2002b); M. antarcticus (Storrie et al., 2008); Mustelus
schmitti (Elias, 2015b, c). Among the two placental triakids, sperm aggregates were
associated with glandular tubules of pregnant I. omanensis or found embedded within
the paraplacental endometrium of M. canis, shortly after parturition. Hamlett et al.
(2002b) suggested the potential capacitation and hyperactivation of sperm embedded
within the endometrium of the latter species. Elias (2015b) also suggested that spermepithelial interactions were associated with capacitation and sperm storage in the
reproductive tract of the aplacental M. schmitti, however, the endometrium was
considered to function as a selective mechanism for sperm degradation. Metten (1944)
previously reported that sperm embedded within the endometrium of S. canicula were
encased in vacuoles and eventually shed, however this degenerative function was more
recently considered the likely result of sectioning artifacts (Hamlett et al., 2002). Dense
numbers of conically-arranged sperm packets (i.e., linear sperm aggregates) were
recorded within the uteri of D. sabina (Lewis, 1982). Sperm occurred predominantly in
the anterior portions of the pre-ovulatory uterus, and the apex of sperm aggregates were
embedded within glandular recesses (i.e., basal crypts) of the endometrium. Lewis (1982)
further reported that the glandular recesses regenerated more rapidly than
trophonemata, suggesting that basal crypts may represent a potential mechanism for
“short-term”, uterine sperm storage.
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The potential for additional sites of “short-term” sperm storage have only been
documented in several female holocephalans within cloacal receptacles or pouches,
otherwise known as accessory genital glands or digitiform glands (Stanley, 1963; Smith et
al., 2004, 2005; Jones et al., 2005; Barnett et al., 2009). These receptacles temporarily
store mucoidal sperm plugs, which contain clusters of spermatophores and continually
replenish the sperm contents within the OG (Jones et al., 2005). Nonetheless, the site of
“long-term” sperm storage has consistently been recognized as the terminal zone of the
OG (Hamlett et al., 2002a, b, 2005c; Smith et al., 2004; Storrie et al., 2008). Distinguishing
the differences between presence and storage is necessary in regards to distribution of
sperm within the female reproductive tract, as the former may simply represent recent
insemination, opposed to the reactivation of stored sperm. Likewise, patterns of sperm
distribution may be informative for identifying post-copulatory processes and for
establishing potential sites of fertilization.
In most chondrichthyans, successful fertilization would seemingly require sperm to
encounter ovulated eggs prior to encapsulation, which suggests the site of fertilization
occurs somewhere between the anterior portions of the OG and more proximally within
the AO (Hamlett et al., 2005c). However, information on sperm distribution throughout
the female reproductive tract is limited, and most histological studies have not
investigated the occurrence of sperm within the AO.
The periodicity of reproductive cycles of myliobatiform rays indicates that breeding
activity is either well-coordinated or occurs year round (see Chapter 3). Therefore, either
a reduced capacity for sperm storage may exist, or the implementation of any storage
strategy was unnecessary since the majority of species have a narrow window for
ovulation with all uterine ova encapsulated in a common diaphanous membrane. The
lack of encapsulation or the short-lived egg investments of U. jamaicensis may not
establish the same constraints on fertilization as proposed for other species (Storrie et al.,
2008). Sperm are required to enter the uterus under all circumstances surrounding
fertilization and may also become intimately associated with the endometrium during
transit (Lewis, 1982; Fishelson & Baranes, 1998; Hamlett et al., 2002a, b; Elias, 2015b, c).
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The lack of an impermeable barrier surrounding post-ovulatory follicles would reasonably
extend the potential for fertilization to occur within the uterus in addition to more
proximal locations of the female reproductive tract.
5.1.2 Study Goals
The primary goals of this section of the dissertation research were to examine and
characterize the structure of the oviducal gland and anterior oviduct, determine the
distribution of sperm in the female genital tract, evaluate the occurrence of sperm
storage, and identify potential sites of fertilization.
1. The structural morphology (gross and microanatomy) of the anterior oviduct (AO)
and oviducal gland (OG) of U. jamaicensis was examined throughout development
for each defined uterine stage classification (U3-6) (see Table 2.2). Additional
comparisons were conducted for similar staged females, between both
reproductive cycles, with further consideration given to reproductive condition
(i.e., immature vs. mature) and functional lateralization (i.e., active vs. inactive) of
the paired reproductive tracts. These comparisons were performed to examine
both seasonal attributes and patterns in development between maturity stages,
when only one uterus was active.
2. The functional zonation and secretory attributes of the OG of U. jamaicensis was
described to further validate the presence of a short-lived covering or tertiary egg
envelope.
3. The presence and distribution of sperm during pre- and post-ovulatory processes
was documented for a comprehensive examination of potential epithelial-sperm
interactions and possible sites of fertilization and short-term sperm storage.
Following insemination, multiple sites throughout the female reproductive tract
are potentially involved with these processes. Thus, histology was performed on
the anterior oviduct, oviducal gland, uteri and lower reproductive tract (uterine
papilla (cervix), vaginal fornices, vaginal chamber and the cloacal compartment)
to determine the fate of sperm deposited into the female reproductive tract. (A
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more detailed histological analysis of uterine morphology was documented in
Chapter 4).
5.2 Results
The same female specimens used during histological analyses of the uterus and
trophonemata from the previous chapter (Chapter 4) were examined to address the
microanatomy of the remaining regions of the reproductive tract with a concerted effort
on OG structure and secretory attributes during both reproductive cycles.

The

distribution of sperm throughout the female reproductive tract was characterized to
examine the potential for sperm storage (short or long-term) and identify prospective
sites of fertilization.
5.2.1 Anterior Oviduct
The anterior oviducts (AO) or uterine tubes of U. jamaicensis are paired tubular
organs, each with individual ostia. However, anteriorly the structure is partially fused and
resembles a common ostium as both tubes are bridged by a strap of collagenous tissue
that extends medially over the ventral aspect of the esophagus (Figure 5.1A). Posteriorly,
each AO abruptly transitions into enlarged, barrel-shaped oviducal glands (Figure 5.1B).
The entire lumen of the AO is disrupted into extensive longitudinal folds with the surface
epithelium resting on a distinct basement membrane. The mucosa consisted largely of a
ciliated, simple columnar epithelium with a secondary population of non-ciliated,
secretory cells (Figure 5.2A). The epithelium type was distinguishable with some artifacts
due to wrapping effects of some sections that occasionally gave the false appearance of
large expanses of a pseudostratified epithelium. Columnar cell nuclei were typically
euchromatic with patches of heterochromatin and a distinct nucleolus. Ciliated cells were
more prevalent along the mucosal ridges and were generally characterized by ovular
nuclei that were variably situated in the medial regions of the cell. A distinct basal body
line formed a continuous dark band across the apical ends of cells and secretory material
was often seen forming luminal clusters or ribbons of assorted lengths. Pyriform
secretory cells were apically attenuated with nuclei located more basally than ciliated
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cells. Apical secretory granules were metachromatic (supplemental plastic sections,
stained with methylene blue-basic fuchsin, courtesy W.C. Hamlett) and often noticeable
within the limited cytoplasm. Secretory cells were extensively scattered among the
ciliated cells within the anterior ridges of the folds, and also accumulated into secretory
crypts (basal acini) between the mucosal folds (Figure 5.2A-C). Additional clusters of acini
occasionally formed medially between primary and secondary folds. A third population
of elongated basal cells were occasionally present during proliferative periods, as well as
a potential fourth type of round cells with heterochromatic nuclei. The latter cell type
occurred at various heights within the epithelium, but was typically basal in position, and
suggestive of intraepithelial lymphocytes (Figure 5.2D).
The structural development and secretory activity of basal acini fluctuated with stage
of gestation (U-stage) (see Table 2.2). Externally, the AO of immature and maturing
specimens was noticeably thinner, and the diameter of the entire structure was greatly
reduced (U1: 0.5-1 mm and U2: 1-2 mm). Longitudinal mucosal folds were formed,
however, basal acini were undeveloped, and secondary folds were limited and lacked
structural complexity when present. The muscularis consisted of a thin layer of irregularly
arranged smooth muscle fibers (predominantly circular) that lacked the distinct inner
circular and outer longitudinal layers of mature specimens. The surrounding adventitia
was modest, but highly vascular (Figure 5.3A-B). The diameter of the AO in mature
specimens was usually ca. 3 mm, but was slightly larger (3-4 mm) during periods of active
ovulation (U4) and during the second period of increased secretory activity (U5c-d). Basal
acini were developing during the pre-ovulatory stages (U3) (Figure 5.3C-D), and were
noticeably larger with condensed heterochromatic nuclei and increased secretory activity
during post-ovulatory periods (U4) (Figure 5.3E-F). Basal acini remained moderately
developed through early stage development (U5a) (Figure 5.3G-H) and then gradually
decreased by mid stage (U5b) gestation (Figure 5.3I-J). A secondary increase in secretory
activity occurred during late stage gestation (U5c) (Figure 5.3K-L), whereas the secretory
cells of near-term (U5d) females had large, euchromatic oval nuclei, which suggests a
persistent active synthetic phase (Figure 5.3M-N). The complexity of longitudinal mucosal
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folds continued to decline during term stage gestation (U5e) (Figure 5.3O-P). The few
postpartum specimens (U6) collected that contained small-sized, growing follicles (LFD <
10 mm) were the least developed but still resembled the U3 condition (Figure 5.3Q).
Furthermore, the AO of females that failed to successfully reproduce during C2 and
contained unfertilized uterine ova, remained structurally reduced and resembled middle
stage (U5b) levels of development when other females during the same period were nearterm to term stage in development (Figure 5.3R).
The general size of the AO (i.e., outer diameter and luminal dimensions) and
complexity of mucosal folds varied both between and among U-stages, with nonsecretory periods during C2 noticeably reduced in comparison with the level of
development during C1. The luminal size and complexity of mucosal folds was further
modified with distal progression and re-orientation of mucosal folds proximal to the
junction with the oviducal gland (OG) (Figure 5.4A-D). The subjacent lamina propria
consisted of a thin layer of highly cellular loose connective tissue with extensive upward
proliferation into a dense stromal core within each mucosal fold (Figure 5.5). This layer
was moderately to highly vascularized, with variably sized blood vessels occurring within
central portions of mucosal folds. The muscularis was comprised of a thicker, inner
circular layer of smooth muscle, surrounded by a thinner, outer longitudinal layer that
consisted of irregular bands of smooth muscle fibers. The muscularis transitioned into a
highly vascularized, collagenous tunica adventitia that occasionally exhibited a serosa
with a simple squamous epithelium (Figure 5.6). During C2, when females were less
fecund, the muscularis in general was considerably thicker as the entire organ was
compressed and reduced in diameter (Figure 5.3C-P).
Secretory cells continuously synthesized and actively secreted thin strands of a
basophilic material (presumably mucus) throughout portions of the AO, with increased
activity surrounding both ovulatory cycles (U3, 4), and a second noticeable increase again
during mid-gestation (U5c) (Figure 5.3K-L). Basal acini were consistently present during
each uterine stage, but appeared more prevalent and developed among most individuals
during these periods of increased secretory activity. During C2, mature females with
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decreased fecundity and only one active reproductive tract, exhibited AOs with
moderately reduced sizes, most notably during the early (U5a) to late stage (U5c) portions
of gestation (Figure 5.3H, J, L).
5.2.2 Oviducal-Tubal Junction
The transition between the anterior oviduct and the OG presented a series of
elongated, villous-like ridges or extensions (Figure 5.7A-C). The structure of the junction
abruptly expanded, and a dramatic re-orientation of mucosal folds occurred. The
enlarged luminal space that was created had increased signs of secretory activity, and
rapidly juxtaposed with the proximal face of the OG. The distal portion of this complex
junction appeared to represent a modified club zone-equivalent (CZE) with clavate
luminal projections that were positioned at the interface with the initial OG ridges that
housed numerous secretory tubules (Figure 5.7B, C). The elongated luminal projections
were covered by the same simple columnar epithelium as recorded from the AO with
ciliated and secretory cell populations (Figure 5.7D).
5.2.3 Oviducal Gland
Two discrete zones of the oviducal gland (OG) were grossly discernible for most U.
jamaicensis, however, development and secretory activity fluctuated with the uterine
stage of reproduction. The OG was most developed and had the largest proportional
diameters during the ovulatory period of both cycles. These patterns corresponded with
the largest overall sizes of the anterior oviducts and distended ostial apertures (Figure
5.1B). Numerous, discrete glandular mounds were connected by interspersed troughs,
forming a stellate-like lumen with secondary lumina. The discontinuous ridges were
extensively pitted with glands throughout the ridges and in between the recessed bases.
5.2.3.1 Gross Anatomy
Upon external examination, the oviducal glands (OG) of immature (U1) U. jamaicensis
were undifferentiated straight tubes that measured 1-3 mm in diameter. The OG of
maturing specimens (U2) gradually expanded (3-5 mm), and eventually became fully
differentiated, forming a moderately dilated, barrel-shaped OG in mature specimens
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(Figure 5.8A-G, see Figure 3.66). Once the diameter of OGs attained a size of 5-6 mm,
female rays appeared morphologically mature. The posterior portion of the OG was
typically darker in coloration, but this visual feature was often reduced or concealed
following periods of increased secretory activity. The minimal values recorded during
gestation, coincided with an apparent second period of increased secretory activity, and
resembled patterns of the AO during late stage development (U5c). Oviducal gland
diameter was largest during peri-ovulatory stages (U3 and U4), was minimal during
middle (U5b) to late stages (U5c), and then gradually recovered to values approaching
maximal sizes by term stage (U5e). Females with unfertilized uterine ova (7 total) were
uncommon and the ipsilateral OGs were noticeably smaller in comparison with
simultaneously occurring gravid females during both reproductive cycles. Several females
completely failed to reproduce during C2, and each contained a single deteriorating ovum
within the left uterus. The OG of mature animals remained continuously developed,
however moderate variations occurred in OG size that corresponded with stage of
gestation (i.e., U-stage) and seasonal conditions (i.e., C1 vs. C2). The diameter of the left
OG was larger than the right side during the comparisons of nearly all paired samples.
The largest discrepancies occurred primarily during C2 when the right reproductive tract
was either inactive or immature with no indication of any previous use (the single
exception was a middle stage (U5b) specimen (#56) during C2 that had a larger right OG
when only the right reproductive tract was active). Regardless if ovulation occurred
unilaterally or bilaterally into either reproductive tract, both OGs were initially active at
the beginning of each cycle (i.e., peri-ovulatory periods, U3-5a stages), with all mature
OGs apparently undergoing the same preparations for ovulation.
During ovulation, or minimally during the initial ovulatory surge, both OGs produced
a thin, and very delicate tertiary egg envelope that was short-lived (Figure 5.9A-B). The
structure of the egg envelope was a thin, pleated diaphanous sheet or membrane that
readily folded upon itself and resembled a cellophane-like material. The sheet was olive
colored along the longitudinal striations and thicker lateral margins, and exhibited leading
and trailing ends that elongated into loosely filamentous strands of material. Only the
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remnants of 1-2 membranous egg capsules have been recorded within a single uterus,
regardless of the number of eggs ovulated or the spatial arrangement between both
functional uteri. Thus, either some eggs are ovulated together (i.e., reduced number of
secreted egg capsules), initial capsules are quickly deteriorated, or secretory material is
only sufficiently available for the initial series of follicles ovulated. The majority of intact
or less deteriorated egg envelopes were within the inactive right uterus during C2, when
only a single egg was ovulated into the contralateral uterus. The presence of follicles
during ovulation or the development of embryos during early stages of gestation,
appeared to result in the rapid deterioration of any egg casings produced.
5.2.3.2 Microanatomy
The luminal profile of U. jamaicensis OGs was punctuated by clusters of irregular
ridges, with glandular pits (i.e., excretory ducts of secretory tubules) profusely located
throughout the apical surface of ridges and within the system of interconnected grooves
that encircled the ridges (Figures 5.8F-G; Figure 5.10A-B). The ridges and grooves were
separated by deeper recesses, which occasionally formed larger, dilated secondary
lumina and received numerous branches of secretory tubules. Secretory tubules were
predominantly simple, but demonstrated moderately branched clusters that infrequently
converged into short excretory ducts (Figure 5.10A-B).

Thus, the mucosa was

characterized by discontinuous, mounding ridges with freely scattered glandular pits,
rather than defined transverse lamellae with glands exclusively situated within the
luminal grooves.
Although the OG of U. jamaicensis lacked the standard morphological zones, the
staining characteristics were suggestive of an anterior zone (AZ) (ca. 30%) with lighter
staining and smaller-sized granules (mucous glands), and a more extensive posterior zone
(PZ) (ca. 70%) that contained larger and variably sized, eosinophilic secretory granules
and inclusions (Figures 5.7C, 5.10A-C). The transition between these zones was rapid and
often had intermediate tubules with mixed secretory attributes (Figure 5.10D). Secretory
tubules tended to be long and straight in peripheral segments, whereas the same tubules
were often variably oriented in proximal segments closer to the main OG lumen (i.e.,
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appearing more obliquely or transversely sectioned as tubules extended laterally). The
random placement of secondary lumina between the mounding surfaces of luminal ridges
resulted in branches of the secretory tubules terminating in multiple planes along the
periphery of ridges, opposed to continuing towards the main lumen in a straight line
(Figure 5.10B). Thus, adluminal secretory tubules were often observed, embedded within
a dense region of stromal projections that either terminated between ridges or along the
apical ridges of luminal projections.
The OG consisted predominantly of a tall simple columnar epithelium that exhibited
a two cell population of secretory cells with basally positioned nuclei, and interspersed
ciliated cells with medially to apically positioned nuclei (Figure 5.11A-F). The structure of
nuclei varied from round to elongate and were either condensed heterochromatic or
euchromatic with prominent nucleoli (dependent on synthetic and secretory activity).
The surface epithelium remained simple columnar with ciliated cells more prevalent along
the luminal ridges, whereas glandular tubules consisted predominantly of secretory cells
(Figure 5.11A-F). Dilated peripheral recesses were common among the anterior zone with
a thinner ciliated, cuboidal epithelium and secretory cells that produced eosinophilic
granules or a combined seromucous secretory material (Figures 5.10C, 5.12A-D). These
secretions often coalesced into enlarged, concentric masses within the expanded lumen;
similar attributes were occasionally recorded in the peripheral margins of the posterior
zone (Figure 5.12D-F). The anterior zone continuously exhibited numerous small, light
staining secretory granules. Whereas, the posterior zone was regionalized into luminal,
medial and peripheral segments with each segment exhibiting variable characteristics of
secretory inclusions. The two types of secretory inclusions consisted of larger eosinophilic
granules that increased in size towards the main OG lumen, and bundles of elongated,
rod-shaped inclusions that remained situated in the periphery of the secretory tubules
(Figure 5.13A-F). The deepest portions of the peripheral region often appeared washed
out following periods of increased secretory activity, and contained both smaller light
staining granules and elongated bundles (Figure 5.13D). The medial portions of the
tubules gradually shifted from predominantly elongated bundles to progressively larger
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and darker staining secretory granules (Figure 5.13C, E-F). The latter inclusion type
eventually replaced the bundles entirely and persisted into the basal portions of the short
excretory ducts near the main lumen (Figure 5.13B). The occurrence of rod-shaped
inclusions decreased noticeably following the periods of increased secretory activity (U45a and U5c-d), but direct evidence of their extrusion is lacking.
5.2.4 Oviducal Gland Development and Modified Zonation
The less developed OG morphology of an immature (U1) specimen (#162) lacked any
clear patterns of zonation, or any identifiable transition (e.g., staining attributes) between
the anterior and posterior segments. The gland as a whole was only slightly expanded in
comparison with the anterior oviduct. The main OG lumen was expansive and lacked the
prominent ridges observed for mature specimens (Figures 5.7A, 5.14A). The ducts of
developing secretory tubules were dispersed and separated by considerable levels of
stromal tissues. Glandular activity of secretory tubules was reduced to the presence of
only small, lightly stained granules, but did have the same simple, columnar epithelium
with ciliated and secretory cells as mature animals. Stromal tissues decreased with
continued development, and the elongated secretory tubules of an advanced maturing
specimen (U2) displayed increased activity with acidophilic granules and luminal
secretions (Figure 5.14B). In mature U. jamaicensis, noticeably modified OG zoneequivalents were present and considered to represent the four standard morphologically
classified zones of chondrichthyan OGs. The modified arrangement of mature OGs
consisted of a tubal-oviducal junction and the anterior segment (ca. 30%) of the OG
(mucous glands) that formed a combined club/papillary zone equivalent (CPZE). The
posterior segment (ca. 70%) of the OG, with extensive eosinophilic secretory inclusions,
represented the baffle zone equivalent (BZE) and the adjacent distal segment was
interpreted here as a short terminal zone equivalent (TZE). The epithelium of the TZE
rapidly transitioned from the uniformly organized BZE secretory tubules to an irregular,
highly ciliated columnar epithelium. Occasionally the TZE had expanded recesses that
extended laterally, and formed enlarged dilated spaces (Figures 5.12F, 5.14C, 5.15A-D). A
single isolated tubule with a ciliated cuboidal epithelium occurred in the distal periphery
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of the posterior OG of specimen #112, which may represent the terminal recess of a
laterally extended tubule from the TZE. The lumen of the OG continued posteriad as an
elongated pseudo-isthmus with numerous peripheral recesses, enclosed by a smooth
muscle sphincter (Figures 5.14C, 5.15A, C-D). The isolated peripheral tubule that was
deeply situated within the posterior zone, may also have originated from the anterior
segment of the pseudo-isthmus.

Secretory material in all zones of the OG was

consistently present and appeared to be stored throughout gestation with periodic
secretory activity (Figure 5.16A-B). The dilated recesses in the peripheral segments of the
anterior zone contained concentrically layered, darker masses that appeared to have
mucoidal and serous products, whereas the posterior zone contained variably sized
eosinophilic granules that coalesced together.
5.2.5 Utero-Oviducal Junction
The transitional zone between the uterus and oviducal gland was variably developed,
but essentially consisted of a prolongation of the OG with the same basic epithelium of
the surface ridges, and with moderate to extensive recesses occurring at multiple
positions along the junction (Figures 5.14C, 5.15A, C-D, 5.17A-D). Transverse sections
through this region have a laterally oriented lumen with numerous, radially extended
recesses (Figure 5.17E-F). The entire caudal region of the OG is completely surrounded
by an extensive muscular sphincter, which protrudes into the anterior region of the uterus
and forms a cervix-like structure with the lumen emptying directly into the uterus proper.
The lumen of the pseudo-isthmus was more complex during peri-ovulatory periods and
the numerous recesses appeared to represent a continuation of the TZE with limited
evidence of interconnectivity between secretory tubules of the BZE (Figures 5.15D,
5.17A).
5.2.6 Sperm Distribution
Sperm were distributed throughout all levels of the female reproductive tract (cloacal,
vaginal, cervical, uterine, oviducal and tubal) in varying proportions that occurred only
during the peri-ovulatory stages (U3/6, 4). Thus all inseminated females were either non-
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reproductive with enlarged follicles (LFD < 10 mm), or had recently ovulated. However,
there was a single case of an isolated sperm recorded from the cloaca of a term stage
(U5e) female. The lack of sperm throughout the genital tract of pregnant females from
early (U5a) through near-term (U5d) stages, suggested if any sperm storage did occur it
was brief in duration. Sperm deposited within the female reproductive tract either
occurred as variably sized linear aggregates, clusters of loose aggregations, or were
individually scattered. Individual sperm with a spiraled morphology were considered
functional or viable, whereas sperm with curved or curled heads were interpreted as nonfunctional or degenerative, and were often associated with phagocytic granulocytes.
The majority of females containing sperm were pre-ovulatory (U3/6) with enlarged
vitellogenic follicles, and recent insemination was indicated by the prevalence of sperm
deposited within recesses of the vaginal chambers, vaginal fornices surrounding the
uterine papillae (cervices), and lining the cloacal lumen in the vicinity of mucous glands
(Figure 5.18A-F). A single female (#277-09 - March) with a large mucoid mass (or sperm
plug) contained extensive numbers of sperm that were highly organized in dense linear
arrays and embedded within the cloacal and vaginal epithelia (Figure 5.18A). Sperm
heads were oriented peripherally towards the stratified squamous epithelium, and
formed a scalloped appearance between mucous glands with numerous vacuolated, basal
cells (Figure 5.18C-F). Dense aggregations of luminal sperm were loosely organized and
consisted of “functional” and “non-functional” sperm embedded within an eosinophilic
matrix, which included cellular elements consistent with the male seminal vesicle (Figure
5.18B) (see Chapter 3). Whereas, the occurrence of sperm from post-ovulatory (U4)
females was limited, presence was primarily recorded from the lower reproductive tract,
and occasionally the uterus and peripheral recesses of the utero-oviducal junction.
Sperm was seldom observed in the main uterine lumen between trophonemata, but
occasional occurred as scattered individuals or loose aggregates. Luminal sperm were
typically associated with lymphocytes and granulocytes that appeared to be actively
participating in their degradation (Figure 5.19A-B). Conversely, sperm distributed within
basal crypts were oriented towards the base of acini and remained aligned in small
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clusters of linear aggregates (Figure 5.19C-F). These aggregated bundles were intimately
associated with the endometrium, but did not appear embedded within the epithelium
under light microscopy.
The occurrence of sperm within the OG was considerably variable and typically
occupied tubules in one or more “zones” in close proximity to the main lumen. Sperm
were organized into small linear aggregates or individually dispersed within the tubule
lumina of the utero-oviducal junction (TZE), posterior (BZE), and anterior (CPZE) zones,
and, occasionally, within the main OG lumen (Figures 5.20, 5.21). Sperm appeared
suspended within the tubule lumina; at no time was there any indication of direct
interactions with the secretory epithelium.

Additionally, an individual sperm was

observed within the OG of the single immature (U1) female, situated along the anterior
lumen of the OG just distal to the junction with the AO (Figure 5.22). In mature females,
sparse, individual sperm were occasionally distributed throughout the AO in the
peripheral regions near recesses, and most commonly occurred within basal acini (Figure
5.23). Sperm are apparently capable of traversing the entire length of the female
reproductive tract, as a single sperm was found adjacent to the ostium.
5.3 Discussion
5.3.1 Anterior Oviduct
The anterior oviduct (AO) of U. jamaicensis was essentially similar to the structure and
function described for most other chondrichthyan species (Matthews, 1950; LaMarca,
1961; Stanley, 1963; Babel, 1967; Teshima, 1981; Lewis, 1982; Gilmore, 1983; Wenbin &
Shuyuan, 1993; Chatchavalvanich & Visutthipat, 1997; Hamlett et al., 1998, 2002;
Fishelson & Baranes, 1998; Hamlett et al., 1998a, 2002b; Smith et al., 2004; Galíndez &
Estecondo, 2008; Henderson et al., 2014; del Mar Pedreros-Sierra et al., 2016). Likewise,
the microanatomy appears to be consistent with the uterine tube structure typical of
vertebrates; longitudinal folds, ciliated columnar epithelium with a secondary population
of secretory cells (Peters, 1986; Girling, 2002; Töpfer-Petersen et al., 2002; Ikawa et al.,
2010; Özen et al., 2010; Druart, 2012; Hunter, 2012; England et al., 2013). Several studies
on myliobatiform rays have reported pseudostratified tissue or combinations of
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pseudostratified and simple columnar epithelia (Dasyatis sabina – Lewis, 1982;
Himantura (=Dasyatis) bleekeri – Chatchavalvanich & Visutthipat, 1997; Urotrygon
venezuelae – Acero et al., 2008; Potamotrygon magdalenae – del Mar Pedreros-Sierra et
al., 2016). These findings are potentially misidentifications due to tissue artifacts. Similar
issues of sectioning artifacts that resembled a pseudostratified epithelium were evident
during the current study. A third population of elongated basal cells occasionally occurred
during periods of proliferation, and resembled the cytology of male genital tracts (see
Chapter 3). A potential fourth cell type was suggestive of intraepithelial lymphocytes (i.e.,
round cells with heterochromatic nuclei) that occurred at various heights within the
epithelium, but were typically basal in position (Abughrien et al., 2000; Girling, 2002; Özen
et al., 2010).
In the long-tailed butterfly ray, G. poecilura, secretory cells of the AO stained positive
for Alcian-Blue (AB+) in secretory crypts and were positive for Periodic Acid Schiff (PAS+)
at scattered locations throughout the remaining mucosa.

Similar patterns of

metachromasia occurred for U. jamaicensis with methylene blue-basic fuchsin staining of
plastic embedded tissues (Figure 5.2A-B). The secretory crypts or basal acini appeared
mostly simple, but occasionally formed moderately developed, compound acinar glands.
Chatchavalvanich & Visutthipat (1997) reported that the mucosa of the AO in H. bleekeri
was branched into primary and secondary folds. The longitudinal folds of U. jamaicensis
also formed secondary folds with increased secretory activity during the middle to late
stages of gestation. The complexity of longitudinal folds varied with reproductive stage
and condition, and were noticeably less developed during C2. Furthermore, the reorientation of longitudinal folds to obliquely transverse mucosal extensions occurred in
the distal segment of the AO, proximal to the oviducal-tubal junction (Figure 5.4).
However, the potential for proximal to distal variation in structure was not sufficiently
addressed during the current study, and will require additional work to examine in detail.
The function of the AO has often been considered to merely represent a conduit for
the passage of ova to the oviducal gland (OG) with various transporting mechanisms
proposed (e.g., ciliated cells, lubricating secretions from secretory cells, or muscular
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contractions). The AO of U. jamaicensis is extensively ciliated, has a modest muscularis,
and exhibits increased secretory activity during peri-ovulatory stages, which suggests that
all forms of ova transport are likely operational. Storrie (2004) also considered all
processes likely active, but suggested that ciliary actions may be limited to transport of
mucoidal secretions and sperm. The secondary increase in secretory activity in the AO of
U. jamaicensis suggests the potential occurrence of endocrine processes during mid
gestation that resemble ovulatory conditions. Similar mid-stage secretory patterns
occurred within the OG that will be addressed below.
5.3.2 Oviducal-Tubal Junction
The junction between the AO and OG demonstrated an abrupt transition, which
formed a short but expansive lumen with elongated mucosal folds. Sagittal sections of
the AO revealed that luminal projections transformed from longitudinal ridges to villouslike transverse extensions of the mucosa within close proximity to the OG. The increased
luminal expansion at the oviducal-tubal junction has been reported for other viviparous
elasmobranchs (Hamlett et al., 2002a; Storrie et al., 2008; Moura et al., 2011), however
the openings of secretory tubules onto the proximal face of the initial OG ridge has not
been previously described.
5.3.3 Oviducal Gland
The external morphology of U. jamaicensis OGs resembled the moderately dilated,
and barrel-shaped structure of other myliobatiform rays (Prasad, 1945b; Henderson et
al., 2014), and yolksac viviparous species, such as Squalus acanthias (Hamlett et al., 1998),
Centroscymnus coelolepis (Moura et al., 2011b), and Etmopterus spinax (Porcu et al.,
2014). The internal morphology of the chondrichthyan OG is structurally conserved
among most species and is typically organized as a series of alternating transverse ridges
(lamellae) and grooves that completely encircle the dorsoventrally flattened lumen
(Hamlett et al., 2005c). The internal organization of the OG of U. jamaicensis was
substantially modified from the structure of most chondrichthyan OGs, and also displayed
superficial differences with other myliobatoids. The structure of most myliobatiform OGs
reportedly have complete transverse lamellae with a uniform profile of flattened luminal
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projections that differ only in size, and staining attributes between the anterior and
posterior secretory tubules (Prasad, 1945b; LaMarca, 1967; Babel, 1967; Lewis, 1982;
Acero et al., 2008; Henderson et al., 2014). The reduced OG structure of U. jamaicensis
is a unique morphological type with a luminal profile that consisted of clusters of
mounding elevations with occasionally interconnected ridges and profusely scattered
glandular pits, rather than defined transverse lamellae with the glands situated
exclusively within luminal grooves.

Luminal projections occasionally resembled

“uniformly variable” lamellae in sagittal sections, but were in fact the recessed, excretory
ducts of long secretory tubules with similar patterns of secretory characteristics as other
rays. The lack of complete transverse lamellae throughout the OG of U. jamaicensis,
resembles the typical morphology of the TZ reported for other chondrichthyans (Hamlett
et al., 2005c; Storrie et al., 2008; Galíndez et al., 2010; Serra-Pereira et al., 2011b;
Marongiu et al., 2015.
The surface ridge epithelium of the main OG lumen was a simple, ciliated columnar
epithelium, consistent with most studies. However, some myliobatiforms are reported
to have a pseudostratified columnar epithelium (Chatchavalvanich & Visutthipat, 1997;
Acero et al., 2008; del Mar Pedreros‐Sierra et al., 2016). The luminal epithelium of U.
jamaicensis occasionally appeared pseudostratified due to apparent wrapping artifacts
caused by the complex ridge morphology. Thus differences reported for some species
may involve sectioning artifacts, combined with the multilevel position of nuclei between
secretory (basal) and ciliated (medial) cells. The secretory tubules of U. jamaicensis OGs
also had a simple columnar epithelium, but were primarily composed of secretory cells
with interspersed ciliated cells.
Although, U. jamaicensis lacked the standard four zone classification, the OG still
revealed zone-equivalents with reduced functional traits (Hamlett et al., 2005c;
Henderson et al., 2014). The elongated, luminal extensions, situated at the oviducal-tubal
junction, were moderately clavate and completely sheathed the secretory tubules lining
the proximal face of the initial OG ridge. The junction abruptly transitioned to the
dorsolaterally flattened lumen of the OG proper and the combined region was designated
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as a club zone-equivalent (CZE). The structurally reduced OG of the Oman shark, I.
omanensis exhibited a transitionally dispersed CZ that was similar in appearance to the
CZE of U. jamaicensis (Hamlett et al., 2002a). The CZE of U. jamaicensis was short and
rapidly merged with the remaining “anterior” zone to establish a combined club-papillary
zone-equivalent (CPZE) as suggested for G. poecilura (Henderson et al., 2014). Additional
transverse sectioning throughout the entire anterior region of the OG is necessary to
determine if the dilated peripheral recesses are confluent with secondary lumina. If so,
they may then represent an internalized form of the lateral extensions such as displayed
by most placental species and aplacental triakids (Pratt, 1993; Conrath & Musick, 2002;
Hamlett et al., 2002b, 2005c; Storrie et al., 2008).
The transition between the “anterior” and “posterior” zones was rapid and often
displayed highly delineated, intermediate tubules with mixed secretory attributes. Since
transverse lamellae and spinnerets are not formed, the baffle zone-equivalent (BZE) of U.
jamaicensis was structurally less differentiated than the standard BZ associated with egg
capsule production. Although, the ability to form capsular material into large continuous
sheets was severely hindered, the abundant slit apertures of individual gland tubules
appeared sufficient to create ribbons of secreted material that are capable of converging
into thin sheets. The terminal zone-equivalent (TZE) was quite variable, and exhibited
recesses that were either short and narrow or large and expansive. The posterior OG
rapidly transitioned between the BZE and TZE and they transformed from having lengthy
secretory tubules to recessed clefts that were short to moderately elongate. The cleft
epithelia of the TZE resembled the general luminal mucosa of the OG with light staining
cells and elongated cilia. Preliminary transverse sections through the muscular sphincter,
indicated these recesses radiated peripherally and may continue for lengthy distances.
Additionally the single occurrence of a dilated tubule with a cuboidal epithelium suggests
TZE recesses may form tubules that extend below the BZE, reminiscent of the sperm
storage tubules (SSTs) described for other species (Hamlett et al., 2005c; Storrie et al.,
2008; Porcu et al., 2014). Serial-sectioning through the entire length and width of U.
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jamaicensis OGs with additional SEM observations are required to fully realize the
complex internal topography of these structural modifications.
The discretely organized, mounding ridge morphology of U. jamaicensis OGs often
exhibited randomly distributed tubules with peripherally dilated secretory recesses that
occurred in the anterior, medial and posterior regions of sagittal sections.

The

eosinophilic material in posterior tubules of the BZE appear to be involved in the
formation of short-lived tertiary egg envelopes, and appeared identical to the capsular
material in the lumen of inactive uteri and surrounding unfertilized ova (see Figures 4.5;
4.23). Functional attributes of the concentric, seromucous secretions in the luminal
recesses of the CPZE still needs to be determined, however, superficially they resembled
the descriptions of ornamental “hairs” that adorn the surface of egg cases and are
produced in TZ tubules of some oviparous species (Smith et al., 2004; Galíndez &
Estecondo, 2008; Galíndez et al., 2010; Serra-Pereira et al., 2011a, b). The TZ of these
oviparous species have shallow mucoidal cells and deeper serous cells, forming a mixed
gland in the same secretory tubule (Prasad, 1945a; Hamlett et al., 1998; Smith et al.,
2004). However, the TZ of certain rajids have two discrete types of secretory tubules that
are entirely composed of either mucous or serous cells (Galíndez & Estecondo, 2008;
Galíndez et al., 2010; Serra-Pereira et al., 2011). In U. jamaicensis, regionalization of the
secretory materials in the BZE tubules increased posteriorly and also transitioned from
eosinophilic granules in luminal segments to increasing proportions of rod-shaped
inclusions in medial to peripheral segments. Similar regionalization of OG secretory
tubules have been described in the zone-equivalents of G. poecilura (Henderson et al.,
2014). However, like U. jamaicensis, the membranous condition of egg capsules does not
support the production of external surface “anchoring” hairs in the TZ of viviparous
species.
The excretory ducts of U. jamaicensis secretory tubules, were often separated by
enlarged recesses, which occasionally formed expanded secondary lumina and received
numerous branches of secretory tubules. Similar luminal depressions or “folds” occurred
between the club and papillary zones of C. coelolepis (Moura et al., 2011b) and within the
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baffle zone of E. spinax (Porcu et al., 2014). Moura et al. (2011b) proposed luminal folds
were either the result of an extensive production of secretory products during
regeneration or served to increase the secretory surface area. In U. jamaicensis, these
prominent folds made it difficult to achieve a definitive sagittal section through the gland,
as the lumen appeared to meander and periodically expand, forming secondary recesses
with a tertiary series of stellate branches. These complex, secondary lumina were
particularly evident at the transition between the anterior and posterior zones, and may
play an important role in the synthesis of secretory products, as accumulations of
eosinophilic materials or mixed seromucous secretions regularly occurred within the
peripherally dilated, deeper recesses.
In U. jamaicensis, secretory material was synthesized and secreted throughout all
zone equivalents (possibly excluding TZE) of the OG, but primarily occurred within tubule
lumina and throughout the main OG lumen of peri-ovulatory specimens (U3-5a). This
secretory activity was secondarily elevated during middle to late stage gestation. The
remaining uterine conditions predominantly contained stored secretory vesicles,
although seromucous secretions in the dilated peripheral recesses were also common.
Several studies have demonstrated that E2 treatment, circulating peak levels of E2, and
the presence of oviductal estrogen receptors (ER) have corresponded with increased size,
development, and secretory activity of OGs (Dodd & Goddard, 1961; Koob et al., 1982,
1986; Koob & Callard, 1991, 1993, 1999; Reese & Callard, 1991; Maruska & Gelsleichter,
2011). The ancillary production of OG secretions of U. jamaicensis during U5c was similar
to the anterior oviduct (mid-stage), and further supported a potential secondary surge in
endocrine signals that may have elicited a secretory response of stored materials. Prasad
(1945b) noted that similar secretions emptied into the uterus of A. nichofii, and suggested
they may provide nourishment during early stages of gestation. In U. jamaicensis, large
quantities of secretory material similarly occurred in the lumina of the TZE and the
prolongated pseudo-isthmus during the peri-ovulatory stages. Regardless, matrotrophic
transfer of these secretions in U. jamaicensis during early stage development is uncertain,
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but could potentially supplement uterine secretions when embryonic digestive tracts
become functional during later stages.
5.3.4 Encapsulation
The egg coverings of many viviparous species are simplified structures with transient
periods of encapsulation that may be brief or lengthy in duration (Prasad, 1945a; Hamlett
et al., 1998b, 1999b, 2005c).

A number of batoids (e.g. torpedinids, narcinids,

urotrygonids, urolophids), benthic squatinids, and deepwater squaliform sharks have
been described as not producing a tertiary egg covering, with many of these species
exhibiting structurally limited OGs (Müller, 1843; Borcea, 1904; Nalini, 1940; Babel, 1967;
Yano, 1985; Yano & Tanaka, 1987; Capapé et al., 1990, 2000, 2001, 2002, 2005a; AbdelAziz, 1994; Devadoss, 1998; Hamlett et al., 1998b, 2005c; Villavicencio-Garayzar, 2000;
Veríssimo et al., 2003; Figueiredo et al., 2008), or, reportedly, lack an OG entirely (Prasad,
1945a, b; Setna & Sarangdhar, 1952; Daiber, 1959). However, uncertainty exists for most
of these species as studies typically fail to mention if encapsulated ova were present and
studies that reported a lack of encapsulation were often based on few specimens. The
majority of older studies have not routinely examined OGs or recorded the presence or
type of egg coverings produced, both of which may be overlooked during post-ovulatory
stages when development and structural integrity are reduced.

Thus, it remains

unconfirmed for many of these species examined, whether an egg envelope is truly
lacking or if short-lived egg investitures are merely undetected due to the timing of
observations and/or the egg coverings produced are more readily degraded. It is
noteworthy that many species have more recently been documented with short-lived,
delicate egg capsules, remnants of capsular material, or the secretory structure of the OG
has been histologically verified (Gilmore et al., 1983; Sunye & Vooren, 1997; Girard & Du
Buit, 1999; Trinnie et al., 2009; Moura et al., 2011a, b; Spieler et al., 2013; Osaer et al.,
2015).
Tertiary egg coats, collectively referred to as, membranes, coverings, envelopes,
capsules or shells are produced by secretory tubules of the OG baffle zone of all oviparous
and most viviparous chondrichthyans (Hamlett et al., 2005c; Menkhorst & Selwood,
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2008). The BZE of U. jamaicensis produces abundant secretions of variably sized,
eosinophilic granules and lengthy, rod-shaped inclusions or “rods” that are used to form
a short-lived, egg covering (Jezior and Hamlett, 1994; Hamlett et al., 1996c; Spieler et al.,
2013; current study). The tertiary egg coverings of U. jamaicensis were predominantly
remnant capsular material within active uteri, suggesting the presence of ovulated eggs
and early stage embryos rapidly deteriorated any delicate membranes produced.
Whereas, intact or less deteriorated egg coverings were primarily recorded from inactive
uteri during C2, when only the contralateral uterus was active. Intact egg coverings
consisted of a thin, diaphanous sheet that resembled a pleated, cellophane-like material,
which readily folded upon itself. These coverings were fortuitously detected following
additional examinations of uterine condition (i.e., inactive uteri expanded with
histotroph), and during histological comparisons between active and inactive uteri of
individual females. The occurrence of empty egg membranes within inactive uteri verified
that short-lived, tertiary egg coverings were bilaterally produced and secreted by both
functional OGs during the ovulatory period.

Similar membranous substances and

depleted egg capsules have been reported in the uteri of immature, and non-functional
(“inactive”) uteri of mature cownose rays (R. bonasus) (Smith & Merriner, 1986; Fisher,
2010). The unilateral occurrence of empty egg capsules have also been noted in the uteri
of several smooth dogfish, M. canis (TeWinkel, 1950), and fully formed, empty cases have
been recorded for several oviparous species (Clark, 1922; Metten, 1939; Krishnan, 1959;
Templeman, 1982; Hamlett et al., 2005b; Hoff, 2009). Since the onset of egg case
formation occurred prior to ovulation, these records suggest secretory activity is initiated
by hormonal signals and not by the presence of ova in OGs.
Henderson et al. (2014) described shallow and deeper staining attributes in the
secretory tubules of all OG functional zone equivalents of the long-tailed butterfly ray, G.
poecilura.

Although additional histochemical analyses were not performed for U.

jamaicensis, the distribution of rods within secretory tubules of the BZE demonstrated
luminal, medial and peripheral regionalization. Furthermore, LaMarca (1961) reported
that 10% of the “posterior” zone (BZE) tubules in U. jamaicensis were PAS+, but he
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provided insufficient information to determine if these staining attributes were
transitional with the anterior zone, concentrated within the TZE region, or dispersed
throughout the BZE. The deeper or more peripheral segments of secretory tubules were
lighter or washed out in appearance, with similar reports for D. sabina (Lewis, 1982).
Although rods were noticeably reduced during post-ovulatory periods, no evidence of an
intact or disbanded secretion of these inclusions to assemble egg coverings was observed.
Regardless, smaller eosinophilic granules were frequently recorded within the lumina of
BZE secretory tubules that resembled the thin layer of material covering unfertilized ova
(see Chapter 4).
As previously noted, the OG of U. jamaicensis consists of a series of glandular pits that
are distributed throughout the entire surface of a system of discrete mounding ridges,
opposed to the standard transverse lamellar ridges described for other chondrichthyans
(LaMarca, 1961; Hamlett et al., 2005c). The OGs of G. poecilura lacks baffle plates (i.e.,
no spinnerets), however the BZE reportedly consisted of uniform lamellae, and a thin egg
covering was produced (Henderson et al., 2014). The OGs of Portuguese dogfish, C.
coelolepis have a more structurally defined BZ, however the egg covering produced is
reportedly delicate (Moura et al., 2011b).

These reports suggest that the shape,

thickness, and durability of egg cases can be affected by OG structure, but the ability to
produce thin or structurally reduced coverings is not restricted to species with a welldefined BZ. Regardless, oviparous species have larger and vastly more complex OGs than
viviparous species, thus likely the materials secreted, and the length and proportional
space of the BZ, ultimately determines the structure and thickness of egg capsules
produced. Surprisingly, OG structure of the basally positioned heterodontids has never
been formally described, even though the egg cases of these oviparous sharks is
exceedingly complex with tapered structures and spiraled flanges (Musick & Ellis, 2005;
Fischer et al., 2014).
Phylogenetic classification of chondrichthyans presents considerable uncertainties
with no clear consensus on the interrelationships within the major groups Compagno,
1990; Shirai, 1992; de Carvalho, 1996; Douady et al., 2003; Naylor et al., 2005, 2012;
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Nelson, 2006; Li et al., 2012; Maisey, 2012; Fischer et al., 2014). The phylogeny of
Batoidea remains especially subject to conjecture, despite numerous studies that have
performed morphological or molecular analyses (Heemstra & Smith, 1980; Nishida, 1990;
Lovejoy, 1996; McEachran et al., 1996; McEachran & Dunn, 1998; de Carvalho, 1999;
Rosenberger, 2001; Dunn et al., 2003; de Carvalho et al., 2004; González‐Isáis &
Domínguez, 2004; McEachran & Aschliman, 2004; Rocco et al., 2007; Aschliman et al.,
2012a, b; Cerutti-Pereyra et al., 2012; Aschliman, 2014; Chiquillo et al., 2014; Claeson,
2014; Bustamante et al., 2015; Garcia et al., 2015; Lim et al., 2015; Poortvliet et al., 2015).
Lim et al. (2015) recently suggested a taxonomic separation of the family Dasyatidae from
a phylogenetic analysis of myliobatiform rays with combined morphological and
molecular information and proposed three new families; Pastinachidae, Neotrygonidae,
and Himanturidae. Last et al. (2016) further divided the non-monophyletic Dasyatidae
and proposed seven new genera and resurrected three previous genera. However, the
reproductive biology of most dasyatids, particularly small-sized tropical species remains
data deficient, and the OG structure of representative genera has not been examined.
Morphological studies have primarily relied on external morphometrics, skeletal
organization, muscular attachments, dentition, and lateral line modifications (Lovejoy,
1996; de Carvalho et al., 2004; McEachran & Aschliman, 2004; Lim et al., 2015). The use
of reproductive structures (e.g., OG and uterus) to represent important phylogenetic
characters has not been fully evaluated, thus comparative analyses of the gross and
microscopic anatomy of the female reproductive tract may help clarify the
interrelationships of myliobatiform rays.
The seminal work of Prasad (1945a) considered the phylogenetic significance of OG
structure among viviparous elasmobranchs with varying modes of reproduction.
Additionally, Hamlett et al. (1998b) performed a comparative survey of elasmobranch
OGs that included oviparous rajids in an attempt to clarify the evolution of reproductive
modes, relative to OG structure. To date, no study has completed a comprehensive
analysis of chondrichthyan OG structure in the context of resolving phylogenetic
relationships, and the majority of earlier studies have been restricted to interpretations
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based on the presumed ancestral trait of oviparity. However, yolksac viviparity is
currently designated as the plesiomorphic condition in all orders of Batoidea and
squalomorphs, thus analyses of OG structure, function and tertiary egg coverings may
provide insightful comparisons between morphology and reproductive modes during
phylogenetic analyses (Musick & Ellis, 2005; Musick, 2010). Although several studies have
attempted to characterize the evolution of reproductive modes of chondrichthyans with
superimposed phylogenies (Dulvy & Reynolds, 1997; Musick & Ellis, 2005; Blackburn,
2015), only López et al. (2006) have addressed the interrelationships of co-familial species
with contrasting reproductive modes.
The OGs of squatinids have typically been described as an inconspicuous or marginally
differentiated organ (Capapé et al., 1990, 2005a; Bridge et al., 1998; Colonello et al.,
2007b; Baremore, 2010, Osaer et al., 2015), but to date no study has examined the
internal structure of OGs for any squatinid and tertiary egg coverings have not been
reported from most studies (Capapé et al., 1990, 2000, 2001, 2005a; Bridge et al., 1998;
Colonello et al., 2007b; Baremore, 2010; Osaer et al., 2015). Only Sunye & Vooren (1997)
have recorded the presence of an egg membrane for Squatina guggenheim and S.
oculata. Capapé et al. (1999, 2002) also noted the occurrence of an incompletely formed,
jelly-like capsular structure for S. oculata. Capapé et al. (2005) further suggested that all
squatinids likely encapsulate ova, but that observations were difficult to achieve due to
the delicate condition of these short-lived structures.

Clearly there is a need to

histologically validate the secretory traits of OGs from other viviparous species that
reportedly do not produce tertiary egg envelopes and resolve their function.
The condition of torpediniform ray OGs remains uncertain, with most reports
suggesting the structure is significantly reduced (Uva & Tagliafierro, 1968; VillavicencioGarayzar, 2000), and several for non-torpedinids indicating the absence of an OG entirely
(Müller, 1843; Borcea, 1904; Nalini, 1940; Prasad, 1945a; Hamlett et al., 1998b, 1999a,
2005c). Nalini (1940) and Prasad (1945a) have reported Narcine brunnea, Narcine timlei
and Narke (=Astrape) dipterygia lack an OG, and these brief accounts have persisted into
more contemporary literature (Hamlett et al., 1998b, 2005c; Moura et al., 2011; Elias,
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2015c). Similarly, Daiber (1959) reported the OG in the blind electric ray, Benthobatis
marcida appears to be absent. However, Devadoss (1998) presented an illustration of N.
brunnea with a clearly labeled “nidamental” gland and states the same level of
reproductive tract development existed for N. timlei, with the latter species containing a
“spindle” (=egg candle) of ca. 60 mm that occupied the entire length of the uterus.
Likewise, Nair & Soundararajan (1973) presented an illustration of a reduced but present
“nidamental” gland of a hermaphroditic specimen of N. timlei. Thus, the lack of data
provided by Nalini (1940) and Prasad (1945a) to determine the size of animals (immature
vs. mature) or reproductive condition (i.e., females potentially in resting phase) makes
the original reports that these species lack an OG problematic. It may be they exhibit a
reduced and inconspicuous morphology, particularly during regressed periods of
inactivity. Recent examination of the junction between the anterior oviduct and uterus
of a late stage, pregnant B. marcida, indicated this region was externally uniform to
slightly expanded.

However, the internal morphology became reorganized from

longitudinal ridges in the anterior oviduct to a series of obliquely transverse ridges at the
site of the “junction”, and then reestablished longitudinal folds within the non-complex
uterus (author, personal observations). This condition was interpreted here as an
incipient level of OG development in Benthobatis, however, further examination of
mature females is required to verify if this region is more developed during the periovulatory stages of the reproductive cycle.
The occurrence of an egg covering has not been confirmed for torpediniform rays,
however, several studies have reported that a mucous or jelly-like substance initially
surrounds or encapsulates uterine ova and early stage embryos (Quignard & Capapé,
1974; Mellinger, 1989; Abdel-Aziz, 1994; El Kamel-Moutalibi et al., 2013). The single
report of a “spindle”, noted above for N. timlei is currently the only potential account of
a tertiary egg covering (Devadoss, 1998). Similar to U. jamaicensis, the increased
secretory condition of pre-ovulatory uterine villi of T. torpedo and T. marmorata (Uva &
Tagliafierro, 1968), supports the suggestion that production of uterine fluids prior to
ovulation is to compensate for the lack of sufficient secondary and tertiary egg coats
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(Capapé et al., 2000, 2001; Shrikanya & Sujatha, 2014). In U. jamaicensis, the production
of a secondary egg coat by the combined CPZE was presumably minimal, although lightly
stained secretory granules of the anterior “mucous” glands were continuously present.
LaMarca (1961) reported that the secretory granules in the anterior zone of U.
jamaicensis were PAS+, which is consistent with the production of neutral
mucopolysaccharides or mucins as reported for other chondrichthyans (Hamlett et al.,
1998a, b, 1999a, 2002a; Smith et al., 2004; Galíndez & Estecondo, 2008; Galíndez et al.,
2010a; Moura et al., 2011b; Serra-Pereira et al., 2011b; Henderson et al., 2014; Porcu et
al., 2014; Marongiu et al., 2015; del Mar Pedreros-Sierra et al., 2016). The non-nutritive,
egg jelly of oviparous species, is considered to provide a hydrodynamic structural support
mechanism for encapsulated eggs and embryos during early stages of development
(Smith et al., 2004; Hamlett et al., 2005c). However, the secondary egg coats produced
within the club and papillary zones of viviparous species are considerably reduced in
comparison with the extensive egg jelly coats of oviparous species (Hamlett et al., 2005c).
Similar to U. jamaicensis, extensive pre-ovulatory histotroph production and expansion
of the uterine lumen has been suggested for U. halleri (Babel, 1967), and pending further
observations may be a characteristic trait of myliobatoids with reduced egg investitures.
Although the OGs of myliobatiform rays lack a complex baffle zone, a large proportion
of reproductive studies have reported the production of membranous egg coverings that
are shed during early stages of development (Couch, 1847; Prasad, 1945b; Disler, 1967;
Struhsaker, 1969; Lewis, 1982; Smith & Merriner, 1986; Martin & Cailliet, 1988; Snelson
et al., 1988, 1989; Capapé, 1993; Capapé & Zaouali, 1995; Johnson & Snelson, 1996; ;
Hamlett et al., 1998b Morris, 1999; Mollet, 2002; Seck et al., 2002; White et al., 2002;
Hemida et al., 2003; Capapé et al., 2007; Ebert & Cowley, 2009; Yamaguchi & Kume, 2009;
Trinnie et al., 2009; Colonello et al., 2013; Henderson et al., 2014). Furthermore,
embryonic diapause with lengthy periods of encapsulation has been suggested for
Dasyatis say (Snelson et al., 1989, Morris, 1999), Dasyatis brevis (Melendez, 1997) and
several Trygonoptera spp. (White et al., 2002; Trinnie et al., 2009), which may indicate
that additional variations exist in the OG structure of myliobatiform rays.
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Although data is still lacking for most species, the presence or absence of egg
coverings of myliobatiform rays generally demonstrates an increase in structural integrity
among the more phylogenetically derived genera. Several studies have considered the
reduction in OG structure a degenerative process that has resulted with a limited
production of egg coverings during the acquisition of viviparity (Wood-Mason & Alcock,
1891a; Prasad, 1945a; Babel, 1967; Trinnie et al., 2009). However, plesiomorphy of
yolksac viviparity is associated with the reduced specialization of OG morphology, thus
the basal position of torpediniform rays, and certain myliobatiform rays with excessively
reduced traits appears contraindicative to the proposed degenerative process that
implies OGs have merely persisted as vestigial structures (Hamlett et al., 2005c; Musick &
Ellis, 2005; Musick, 2010).

The round stingrays (Urotrygonidae) and stingarees

(Urolophidae) are typically classified among the more basally positioned of species within
the Order Myliobatiformes (Lovejoy, 1996; McEachran et al., 1996; de Carvalho et al.,
2004; McEachran & Aschliman, 2004; Aschliman et al., 2012b). Observations of Urolophus
spp. and urotrygonid egg coverings are limited, with reports of either no egg case (Babel,
1967; Hamlett et al., 1998b, 1999a, 2005c) or only the production of a reduced and shortlived structure (Hamlett et al., 1996c; Trinnie et al., 2009; Spieler et al., 2013). One
notable exception occurs for Trygonoptera spp., which produce thin egg coverings that
persist for the entire 5-6 month duration of the proposed embryonic diapause (White et
al., 2002; Trinnie et al., 2009). Trinnie et al. (2016) failed to mention the production of an
egg capsule for U. cruciatus, however, they did suggest a biennial cycle with a lengthy
period of diapause (12-18 months) and a short period of active gestation (4-6 months).
The lack of encapsulation in U. cruciatus would substantially conflict with the data from
all other reported species that maintain encapsulated eggs in utero throughout the
suggested period of diapause (Morris, 1999; White et al., 2002; Trinnie et al., 2009;
Waltrick et al., 2012).

Furthermore, monophyly of urolophids (Urolophus and

Trygonoptera) has not been supported in recent analyses (Naylor et al., 2012; Aschliman
et al., 2012b; Lim et al., 2015).
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Unfortunately, information on the reproductive anatomy of the basally positioned,
monotypic genera Hexatrygon and Plesiobatis are currently unavailable to describe the
likely ancestral condition of myliobatiform rays (Lovejoy, 1996).

The family

Potamotrygonidae may potentially represent a group of transitional species, however
there is limited information on OG structure, even though numerous reproductive studies
have been performed (Thorson et al., 1983; Teshima & Takeshita, 1992; Lasso et al., 1996;
Araújo, 1998; Charvet-Almeida et al., 2005; Rosa et al., 2010). The OG of Potamotrygon
circularis was reported as marginally developed, but was recognizably enlarged during
peri-ovulatory periods, with no egg covering reported (Thorson et al., 1983). However,
the histological structure of Potamotrygon magdalenae OGs was recently described and
the production of a tertiary envelope was verified (del Mar Pedreros-Sierra & RamírezPinilla, 2016). Potamotrygonids are considered more closely phylogenetically allied with
amphi-American Himantura spp. (Lovejoy, 1996; McEachran et al., 1996; McEachran &
Aschliman, 2004; Aschliman et al., 2012b; Lim et al., 2015), but have several reproductive
traits similar to urotrygonids. Reproductive studies of Batoidea appear to indicate that
OGs and tertiary egg envelopes are less developed among phylogenetically basal groups
with yolksac viviparity, become increasingly developed in more derived myliobatiform
rays, and are structurally advanced and more specialized in oviparous skates (Rajiformes)
(Hamlett et al., 1998; Musick & Ellis, 2005; Musick, 2010).
5.3.5 Sperm Distribution
In U. jamaicensis, sperm were primarily distributed throughout the reproductive
tracts of pre-ovulatory females with enlarged vitellogenic follicles. Most females had
fresh copulatory wounds that coincided with both identified ovulatory periods during the
biannual reproductive cycle. The prevalence of sperm in the lower reproductive tract
suggests that distribution patterns were associated with recent insemination during both
protracted breeding periods. Examination of the lower reproductive tract was limited
among pregnant females (U5a-e), however most rays lacked signs of mating and males
had reduced levels of sperm in the seminal vesicles during middle to late stages of
gestation (see also Chapter 3.3.5, 3.3.6.6.9). The lone, term stage pregnant female, with
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an individual sperm situated in the cervical region, suggested males occasionally initiate
copulation prior to parturition, similar to M. antarcticus (Storrie et al., 2008). Sperm were
not reported during any other gestative stages, however additional mating attempts may
have occurred that failed to transfer sperm beyond the cervical barrier. Additionally, the
occurrence of an isolated spermatozoon in the OG of an immature female with a single
enlarged vitellogenic follicle suggested mating may occasionally occur prior to
morphological or physiological maturity in female rays, similar to reports for several
sharks (Storrie et al., 2008; Farrell et al., 2010; Porcu et al., 2014). However, it remains
uncertain if mating with immature females results from unsolicited encounters with
aggressive males or if some females are behaviorally mature prior to first ovulation. The
cloacal emission of chemoreceptive signals associated with the growth of vitellogenic
follicles, is likely responsible for mating attempts with immature and maturing females
(Johnson & Nelson, 1978; Kajiura et al., 2000; Chapman et al., 2003; Pratt & Carrier, 2005;
Spieler et al., 2013).
Sperm deposition within the female reproductive tract of U. jamaicensis ceased and
its presence was rapidly depleted shortly after completion of the ovulatory cycle, and
remained essentially absent throughout most of gestation. The reduced numbers of
sperm present in post-ovulatory females, and the predominant degenerative condition of
sperm in the lower reproductive tract and uterine lumina further supported the likelihood
that post-insemination residency was brief in duration with a limited storage or nonstorage of sperm. The occurrence of sperm declined with anteriad progression, and linear
sperm aggregates were intimately associated with the uterine basal crypts and secretory
tubules throughout all zones of the OG. However, sperm aggregates did not appear
embedded within the epithelium of these glandular structures, when viewed with light
microscopy. Sperm located within the uterine lumina and between trophonemata, were
distributed individually and were typically degenerative in appearance.

Scattered

individual sperm were also present in the peripheral recesses of the anterior oviduct, and
only a single spermatozoon was recorded in the vicinity of the ostium. Thus, a complete
dissociation of linear sperm aggregates occurred within the OG, with arrays initially
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separating into smaller clusters inside secretory tubules, and eventually becoming
reduced to individual sperm within anterior segments of the reproductive tract. The
increased disaggregation of sperm bundles in the OG is suggestive of this region
representing the primary site of fertilization (Jones et al., 2007; Ecroyd et al., 2009; Nixon
et al., 2011).
The arrangement of sperm in the reproductive tracts of female chondrichthyans can
occur as laterally aligned bundles (linear sperm aggregates) (Fishelson & Baranes, 1998;
Hamlett et al., 2002a, b; Smith et al., 2004; Storrie et al., 2005; Serra-Pereira et al., 2011a,
b), unaligned clumps (Teshima, 1981; Conrath & Musick, 2002; Porcu et al., 2014), or as
individual sperm (Hamlett et al., 1998, 1999; Moura et al., 2011; Marongiu et al., 2015).
The density of bundled or individual sperm in female reproductive tracts varies and the
arrangement of stored sperm likely depends on the original aggregative condition within
the male genital tract. Pratt (1993) described three patterns of female sperm storage;
non-storage (days, sperm densely packed in OG lumen or shallow tubules), short-term
storage (weeks to months, sperm loosely packed in tubules; or long-term storage (months
to years, sperm densely packed, unaligned masses in deeper recesses of tubules).
Differentiating between sperm storage, prolonged residency or presence within the
female reproductive tract is necessary, since sperm distributed in non-storage sites may
indicate recent insemination, reactivation of stored sperm or represent a normal
physiological process required for fertilization.
Sperm storage tubules (SSTs) located in peripheral recesses of the terminal zone in
chondrichthyan OGs have consistently been designated as the site of long-term sperm
storage (Hamlett et al., 2002a, b, 2005c; Smith et al., 2004; Storrie et al., 2008; Moura et
al., 2011b; Elias, 2015c). Even though sperm storage in the TZE of U. jamaicensis was not
supported, sperm aggregates were present in both shallow and deeper portions of the
secretory tubules of all zone equivalents throughout the OG. Sperm have also been
reported from non-storage sites in the OG of several other species (Metten, 1939, Knight
et al., 1996; Stevens, 2001; Hamlett et al., 2002b; Storrie et al., 2008; Galíndez et al.,
2010a; Serra-Pereira et al., 2011b; Elías, 2015b; Marongiu et al., 2015). However, the
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transient occurrence of sperm in either the main OG lumen or secretory tubules of the
CZ, PZ, or BZ are generally considered incidental and have been attributed to recent
inseminations or the release of sperm from SSTs (Hamlett et al., 2005c; Storrie et al.,
2008).
Species with long-term storage, such as triakid sharks have a TZ comprised of two
regions with spatially discrete tubules that differ in both depth and histochemistry
(Conrath & Musick, 2002; Hamlett et al., 2002a, b; Storrie et al., 2008; Elías, 2015b).
Sperm storage tubules are positioned posteriorly and form dilated clefts that extend
anterolaterally and terminate subjacent to the BZ tubules. In oviparous species, the distal
portion of the TZ has hair-forming tubules that are composed of either two discrete types
of secretory tubules (mucous or serous), or have mixed gland tubules with deeper serous
and shallower mucous tissues in the same tubule (Smith et al., 2004; Galíndez &
Estecondo, 2008; Galíndez et al., 2010a; Serra-Pereira et al., 2011). The OG of U.
jamaicensis has mixed glands at the transition between the anterior and posterior
regions, but there were also dilated recesses variably distributed throughout the
periphery of each zone-equivalent with either seromucous or strictly acidophilic secretory
material in the lumina of the recesses. The TZ of G. poecilura has individual tubules that
are functionally differentiated with luminal-basal regionalization, and variable staining
characteristics and attributes of the secretory granules in anterior zones (Henderson et
al., 2014).
Skates that store sperm in the TZ have separate SSTs dispersed among the hairforming tubules (Hamlett et al., 1998b, 2005c), whereas non-storing species have no
evidence of SSTs formed in the TZ and sperm occurrence is primarily recorded in BZ
tubules (Galíndez & Estecondo, 2008; Galíndez et al., 2010a; Serra-Pereira et al., 2011b;
Marongiu et al., 2015). Evidence of sperm storage in some skates has been provided by
females isolated from males in captivity that have continued to ovulate fertilized egg pairs
over a period of several weeks (LoBianco, 1909; Clark, 1922; Luer & Gilbert, 1985;
Rasmussen et al., 1999). Regardless, repeated inseminations to replenish sperm stores
are likely prevalent in nature. The sole use of mid-sagittal sections to histologically
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describe patterns of OG zonation may at times overlook the complexity of laterally
positioned SSTs, particularly for oviparous species that have expansively wide OGs.
Likewise, the TZE of U. jamaicensis is uniquely complex and will require further detailed
histological and ultrastructural examinations to determine the full extent of OG structure;
particularly the lateral segments in the periphery of the gland and the secondary lumina
formed between ridges.
The duration of sperm residency in the OG of U. jamaicensis appears to be brief and
would correspond with the “non-storage” definition of Pratt (1993).

The lack of

continued sperm maintenance in the OG may imply that sperm storage is functionally
unnecessary since male and female reproductive cycles are synchronized. However, since
a morphological storage mechanism potentially exists, the inability to store sperm for
prolonged periods may involve the physiological processes that regulate quiescence and
the release of sperm from storage. Regardless, in D. sabina, individual sperm were only
recorded from the OG just prior to ovulation, even though mating activity lasted for seven
consecutive months (Lewis, 1982; Maruska et al., 1996). However, additional sites of
short-term storage or prolonged residency in U. jamaicensis should not be discounted,
particularly the lower reproductive tract since extensive amounts of sperm were
deposited and embedded within the vaginal and cervical epithelia during the preovulatory period. Among vertebrates, vaginal and cloacal sites of sperm storage are
common among amphibians and lizards, with structures ranging from simple recesses to
complex spermathecae, (Sever & Hamlett, 2002; Sever & Siegel, 2006; Holt, 2011;
Kuehnel & Kupfer, 2012; Holt & Fazeli, 2015; Orr & Brennan, 2015). In chondrichthyans,
cloacal sperm masses, also referred to as copulatory plugs, sperm plugs, mucous sperm
plugs, or mucoid sperm masses, are indicative of recent insemination but have only been
documented for a limited number of species (Richards et al., 1963; Snelson et al., 1988;
Freer & Griffiths, 1993; Maruska et al., 1996; Reardon et al., 2002; Smith et al., 2004;
Jones et al., 2005; current study). In holocephalans, sperm plugs are temporarily
contained in cloacal receptacles that function as a second, short-term storage organ, and
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spermatophores are periodically released to replenish stores in the TZ for repetitive
ovulations (Stanley, 1963; Smith et al., 2004, 2005; Jones et al., 2005; Barnett et al., 2009).
In U. jamaicensis, a recently inseminated female maintained an intact sperm plug
within the cloaca and vaginal chamber for a minimum of 36 hours. Following histological
processing the next day, intense sperm-epithelial interactions were recorded between
the dense aggregations of linearly aligned sperm and the vaginal epithelium. Reduced
levels of sperm interactions with the vaginal epithelium were recorded for all other preovulatory females with evidence of copulatory bites. The duration of sperm maintenance
in the lower reproductive tract is uncertain, but degradative removal of sperm became
increasingly prevalent among post-ovulatory females, and sperm were depleted in all but
one gravid (U5a-e) specimen examined. Selective and degenerative processes in the
lower reproductive tract have been considered for other elasmobranchs with sperm
interacting with cervical or vaginal tissues (Lewis, 1982; Elías, 2015b, c). Sperm embedded
in the vaginal epithelia of U. jamaicensis may be “trapped” and targeted for removal, or
a selective process with capacitation and hyperactivation may also be occurring. A
latency period likely occurs between insemination and dilation of the uterine papilla
(cervix) with sperm remaining embedded within the epithelia of the lower reproductive
tract. Following cervical accommodation, a privileged portion of sperm likely detaches
successfully from the epithelia and gains entrance into the distal uterus (Holt & Fazeli,
2016). This process may involve a relaxin-like substance, termed “raylaxin” that is present
in the clasper gland secretions of male batoids in order to breach the cervical barrier
(Gelsleichter & Evans, 2012).
Holt (2011) noted that if maintenance of sperm only requires sperm-epithelial
interactions, then a variety of female storage locations from oviducal and cloacal derived
structures (e.g. epithelial folds, SSTs and spermathecae) are potential sites of sperm
storage. However, Orr & Zuk (2002) limited the definition of “true” sperm storage to
incidences when females actively establish conditions to maintain sperm for a defined
period, and with sperm remaining viable at the termination of storage. Thus, sperm
distributed within the female reproductive tract for any length of time after the breeding
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period has ended may be limited to the duration of sperm longevity or consist of sperm
that are present, but no longer viable. Long-term sperm storage in mammals is limited to
bats, however, repeated sperm-epithelial interactions occur at multiple levels of female
mammalian reproductive tracts (Racey et al., 1987; Wang et al., 2008; Suarez, 2016).
Sperm storage among certain bats occurs within the uterus with most epithelial
interactions positioned at the uterine-tubal junction (Racey et al., 1987; Orr & Brenan,
2015). Sperm embedded within the endometrium are organized into linear aggregations
that have been compared with the sperm-Sertoli cell interactions of the testis, and also
resembled the dense linear aggregates in the vaginal chamber of U. jamaicensis.
Sperm-epithelial interactions within the uterus of U. jamaicensis were also commonly
seen during the pre-ovulatory stage. Numerous, small linear aggregates occurred in the
lumina of basal crypts that were oriented towards and in close apposition with the basal
epithelium, but did not appear embedded within the epithelium. In D. sabina, sperm
were only recorded from the OG immediately prior to ovulation, thus the prevalence of
sperm bundles in the anterior uterine glands (basal crypts) throughout the protracted
mating period was considered a potential site of short-term sperm storage (Lewis, 1982).
Hamlett et al. (1998a) also suggested the potential for uterine sperm storage in the
Atlantic guitarfish, Rhinobatos lentiginosus. The anterior uterine cavity of U. jamaicensis
forms a second fornix-like region with recesses that completely encompass the oviducal
papilla and extend anteriad to the oviducal meatus. Histological examination of the
anterior uterus was mostly limited to sagittal sections of the OG and a limited occurrence
of sperm was recorded. Sperm occurred more extensively in transverse sections of the
medial uterus, however, the presence of sperm bundles in basal crypts of the anterior
uterus warrants further investigation. Regardless, the occurrence of sperm aggregates in
basal crypts may represent only a temporary residency, prior to a continued anterior
movement through the body of the uterus towards the OG.
Fishelson & Baranes (1998) reported sperm aggregates were stored within the lumen
of uterine glands of I. omanensis immediately following copulation. However, uterine
sperm may only represent short-term residency following insemination, as the long-term
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storage of sperm in I. omanensis has been verified in the TZ of the OG (Hamlett et al.,
2002a).

Hamlett et al. (2002b) recorded sperm embedded in the paraplacental

endometrium of M. canis, and suggested that the uterus was a potential site for
capacitation and hyperactivation of sperm. The attachment of sperm to the posterior
endometrium of M. schmitti was also considered to function in the capacitation of sperm
or to possibly represent a selective mechanism (Elias, 2015b, c). However, the images
representing sperm interactions with uterine cells of M. schmitti, seemingly depict
degradative conditions of both the endometrium and sperm cells.

Likewise, the

intraluminal condition of sperm in the uterus of U. jamaicensis appeared to be undergoing
a degenerative process of removal by phagocytic granulocytes. In the uteri of pigs, a subpopulation of sperm that temporarily binds with endometrial cells maintains the integrity
of sperm membranes, whereas intraluminal sperm are often damaged and incapable of
fertilization (Rath et al., 2008; Morrell & Rodriguez-Martinez, 2011). Direct spermepithelial interactions were not observed within the uterus of M. antarcticus (Storrie et
al., 2008).
In U. jamaicensis, the apparent sperm-basal crypt interactions in medial and anterior
segments of uteri, and the extensive aggregations of sperm embedded in the lower
reproductive tract suggests that “short-term” sperm storage occurs posterior to the
oviducal gland with an undetermined period of sperm residency. The occurrence of
sperm throughout the entire length of the female reproductive tract suggests fertilization
can potentially occur anywhere between the ostium and uterus provided that
capacitation, if necessary, first occurs in either the lower reproductive tract or the uterus.
Capacitation of sperm in the female reproductive tract is thought to be unnecessary
among nonmammalian species, however capacitation-like processes (sperm membrane
modification and complex cell signaling cascades) have been recorded for some birds and
the Australian saltwater crocodile, Crocodylus porosus (Nixon et al., 2016). In most
chondrichthyans, successful fertilization likely requires sperm to encounter ovulated eggs
prior to encapsulation, however, the delicate and short-lived egg investments of U.
jamaicensis has appeared to limit constraints on the site of fertilization. The lack of
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extensive egg investitures and protracted ovulatory patterns (see Chapter 3), further
supports that the uterus functions as a potential site of fertilization, particularly if the
timing of ovulation dramatically precedes that of insemination. Numerous locations of
short-term storage or sperm residency with each region associated with separate
epithelial interactions may modify sperm membranes and potentially allow fertilization
to occur over an extended duration and/or across a broader expanse of the female
reproductive tract.
Among vertebrates, interactions with epithelial cells and associated secretions
throughout each compartment of the female reproductive tract (cervical, uterine,
oviductal), as well as, seminal fluids introduced during insemination establish highly
selective processes (positive or negative) that considerably reduce the number of sperm
that reach the site of fertilization (Scott et al., 2000; Taylor et al., 2008; Rath et al., 2008;
Holt & Fazeli, 2010, 2016; Druart, 2012; England et al., 2013; Suarez, 2016). If spermepithelial interactions occur in a specified sequence or if each location is independent of
the individual interactions and based solely on the level of the female reproductive tract
that sperm encounter after deposition are intriguing questions. Multiple transient
periods of sperm adhesion have been reported within mammalian oviducts, which
functionally delays capacitation until ovulation occurs (Suarez, 2016). In U. jamaicensis,
a multi-tiered process of capacitation and hyperactivation would prolong the transport
process during successive sperm-epithelial interactions, and improve the likelihood that
appropriate levels of viable sperm attain the site of fertilization. Multiple regions of
sperm residency could either be viewed as discrete barriers with positive or negative
selective processes, or a series of sperm reservoirs that preserves the viability of
deposited sperm when a long-term storage mechanism does not exist. Regardless of the
potential for multiple sperm reservoirs or sites of fertilization in U. jamaicensis, the
repeated insemination of females is likely necessary to accommodate sequential
ovulatory patterns and ensure the successful fertilization of all ova.
Female sperm storage among most vertebrates, is generally considered to temporally
uncouple mating and fertilization patterns, when the timing of insemination and
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ovulation is asynchronous (Birkhead & Møeller, 1993; Holt & Lloyd, 2010). A reproductive
strategy that incorporates sperm storage would be beneficial for viviparous
elasmobranchs that are sexually segregated for lengthy periods or have a reduced
potential to encounter mates (e.g., deep water, pelagic) (Moura et al., 2011). The
reproductive cycles of myliobatiform rays are either aseasonal with continuous
spermatogenesis, or have seasonally synchronized periods of ovulation and sperm
availability. These patterns suggest that sperm storage beyond brief durations in the OG
of myliobatiform rays is functionally dispensable, as sperm availability is not a limiting
factor. During the biannual cycle of U. jamaicensis, reproductive synchrony occurs
between both sexes with two protracted and overlapping periods of mating, ovulation,
gestation, and parturition (see Chapter 3). Conversely, the loss of a former biannual cycle
has been hypothesized here to have resulted in alternative strategies to maintain
seasonally annual cycles for some rays with short gestation rates. The continued
divergence in patterns of male and female gametogenesis has apparently made it difficult
for these species to maintain reproductive synchrony when spermatogenesis no longer
occurs throughout the year. In some species mating and fertilization are no longer timed
with parturition, thus the lack of sperm storage requires a resting phase or period of
quiescence to accommodate modified periodicities and maintain an annual cycle
following with the loss of one reproductive cycle. In U. halleri and D. sabina, the short
rates of gestation, quiescent phases, and offset patterns of gametogenesis are
transitional between the longer gestation rates of most species with annual cycles, and
the synchronized biannual cycle reported during the current study (Babel, 1967; Lewis,
1982; Maruska et al., 1996; Mull et al., 2008).
Embryonic diapause appears to be an alternative reproductive strategy to sperm
storage for some species to maintain continuity of breeding and parturition, but delay the
onset of embryonic development in order to time parturition during more favorable
conditions (Waltrick et al., 2012). Stingarees of the genus Trygonoptera and potentially
Urolophus cruciatus, as well as, several dasyatid stingrays appear to utilize embryonic
diapause (Snelson et al., 1989; Melendez, 1997; Morris, 1999; Waltrick et al., 2012;
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Saadaoui et al., 2015; Trinnie et al., 2016). Diapause has also been reported for most
rhinobatids, the placental Australian sharpnose shark, R. taylori and the southern
sawshark, Pristiophorus nudipinnis (Simpfendorfer, 1992; Walker & Hudson, 1999;
Colonello et al., 2011; Waltrick et al., 2012; Rocha & Gadig, 2013; Waltrick et al., 2014).
However, diapause has only been confirmed with histology for R. taylori (Simpfendorfer,
1992) and D. say (Morris, 1999) with all remaining species having a probable status based
on the lengthy duration of uterine eggs (4-10 months) and subsequent rates of embryonic
development (2-8 months) (Waltrick et al., 2012). Regardless, mating appears to be timed
with parturition to maintain sexual synchrony, whereas a delayed onset of active
development has replaced the non-reproductive or quiescent phase to preserve an
annual cycle in most species with evidence of diapause. The prevalence of diapause
suggested for batoids with short rates of active gestation further supports the hypothesis
of a former biannual cycle that has transitioned to an annual cycle with separate
reproductive events dispersed between each of the previously discrete cycles (see
Chapter 3). In this scenario, mating and ovulation remain synchronous with male cycles
due to the lack of long-term sperm storage, however, selective processes have resulted
in the evolution of diapause to maintain the mating schedule and time parturition with
appropriate conditions that increase offspring survivorship.
Trinnie et al. (2009) considered the encapsulation of ova in Trygonoptera to be a
primitive trait along with diapause, and further suggested the condition was related to an
ancestral oviparous mode of reproduction. However, phylogenetically more derived
species of rays have egg capsules that are considerably more durable, which again
suggests that the proposed loss of capsule integrity with the evolution of viviparity is
unsupported. As previously discussed, species specific timing of uterine secretory activity
(i.e., pre-ovulatory expansion of uteri with histotroph) may have been more important in
determining the integrity of egg capsules produced among viviparous batoids. However,
several species have prolonged ovarian cycles with sequential ovulation, or encapsulate
each ova individually (Henderson, et al., 2014; Lyons et al., 2016; current study). A
protracted ovulatory period would require repeated inseminations if sperm cannot be
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stored for a sufficient amount of time. Thus, increased levels of polygynandrous mating
would be expected, and the potential for multiple paternity (MP) would be increased in
comparison with other species of rays that have a narrow window of ovulation and all
uterine ova encapsulated into a common diaphanous membrane.
The increasing use of molecular techniques and the growing list of species that exhibit
varying levels of MP has allowed researchers to gain further insight into the nuances of
chondrichthyan mating systems (Pearse et al., 2002; Portnoy et al., 2007; Daly-Engel et
al., 2010; Veríssimo et al., 2011; Byrne & Avise, 2012; Griffiths et al., 2012; Boomer et al.,
2013; Farrell et al., 2014; Marino et al., 2015). Although the incidence of MP is
presumably elevated as a result of female sperm storage (Birkhead & Møeller, 1993; Holt
& Lloyd, 2010; Griffiths et al., 2011), the frequency of skewed paternity among broods
(genetic monogamy or sire predominance) implies that post-copulatory selective
mechanisms (e.g., sperm precedence patterns or cryptic female choice) are likely involved
(Portnoy et al., 2007; Fitzpatrick et al., 2012). Multiple inseminations are required for MP
and also to accommodate discrete ovulations when sperm storage is limited, since each
ovulated follicle would require a new supply of sperm for fertilization to occur. However,
detecting the presence of more than two paternal alleles to verify broods with multiple
sires is inherently more difficult in species that produce smaller broods (Portnoy & Heist,
2012).

Low fecundity generally presents an issue for determining MP among

myliobatiform rays, however, in U. jamaicensis the simultaneous use of bilaterally
functional uteri and prolonged ovulatory cycles would increase the potential for MP. In
U. halleri, 90% of broods had two or more sires, however paternal skew was only 61% as
a result of sequential ovulation and partitioning of male fertility between contralateral
uteri (Lyons et al., 2016). The variable fecundity patterns associated with the biannual
reproductive cycle of U. jamaicensis offers a unique opportunity to address OG function,
sperm distribution, and mating order outcomes (i.e., sperm precedence patterns)
between functionally active and inactive reproductive tracts.

309

5.4 Conclusions
Female U. jamaicensis demonstrated ontogenetic and seasonal patterns in
development of the reproductive tract. The anatomy of the anterior oviduct (AO) was
similar in structure to descriptions for other chondrichthyans, particularly the freshwater
stingray, P. magdalenae (del Mar Pedreros-Sierra et al., 2016). However, the internal
morphology of the oviducal gland (OG) was noticeably unmodified in comparison with the
structural organization and typical zonation patterns of chondrichthyan OGs. Most
chondrichthyans have transverse lamellar ridges that define four morphologically
classified zones with glands located along the base of luminal grooves. Several functional
zone-equivalents were described for U. jamaicensis, however, the OG had a luminal
profile that consisted of a series of glandular pits and irregular discontinuous ridges that
were scattered throughout the surface of discrete mounding elevations. These ridges
represent a unique structural organization that is considerably less developed than the
OGs described for most chondrichthyans, and also differed from the uniform lamellae
reported for other myliobatiform rays. The glandular ridges were often separated by
enlarged recesses, which occasionally formed secondary lumina and received numerous
branches of secretory tubules. The extensive secretory activity and frequency of stored
materials in the dilated peripheral recesses of these tubules may be essential for the
assembly of the thin tertiary egg envelope produced. The simplified yet complex internal
topography of the OG of U. jamaicensis will require further histological examinations that
includes serial-sectioning throughout the entire length and width of the OG and additional
SEM analyses to better understand the function of these structural modifications.
There is currently no evidence of female sperm storage among viviparous batoids, and
excluding species reported with diapause, egg capsules are either non-existent,
unrecorded or consist of short-lived, fragile membranes.

The basic structural

components required for sperm storage (i.e., recesses with surrounding vasculature and
secretory epithelia) may exist with a limited capacity, however, reproductive strategies
and patterns of endocrine regulation are likely unfavorable for the prolonged
maintenance of viable sperm.

Furthermore, the continuous supply of sperm or
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synchronous patterns of gametogenesis eliminates the need for female storage. The OGs
of myliobatiform rays appear to have remained less developed than other
chondrichthyans, but are still highly secretory with the production of tertiary egg
envelopes more robust for certain species. The modified structure or lack of structural
development in the OG of U. jamaicensis calls into question which of the primary
functions assigned to the OG (i.e., sperm storage and encapsulation of ova) first evolved
among chondrichthyans. Both of these functional attributes were considerably limited in
U. jamaicensis, however, the phylogenetic classification of batoids and the proposed
plesiomorphic condition of yolksac viviparity does not support a loss of function (Musick,
2010). Therefore, the OG of U. jamaicensis should be considered more of a primitive or
nascent character, opposed to a remnant structure that degenerated with the acquisition
of viviparity.
The OG of U. jamaicensis lacked the standard chondrichthyan morphological zones,
however, zone-equivalents were identified with regionalized staining attributes and the
production of multiple secretory inclusions. Due to the lack of structural integrity of the
tertiary egg envelope, the production of egg jellies by the club-papillary zone equivalent
(CPZE) to form a protective buffer surrounding the conceptus is unnecessary, and this
function appears to be accomplished by the secretion of uterine fluids. The pre-ovulatory
expansion of uteri apparently provides the same hydrodynamic support mechanism as an
egg jelly during early periods of development. However, this function does not take into
consideration that the initial role of egg jellies is likely for sperm attraction and
preparation for fertilization (e.g., capacitation and acrosome reaction).

Egg jelly

substances have been identified in internal fertilizing amphibians that play a crucial role
in fertilization and the release of quiescent sperm from storage by providing extracellular
cues that stimulate sperm motility and hyperactivity, and mediate the acrosome reaction
(Watanabe et al., 2010; Takayama-Watanabe et al., 2014). Thus, secretions of the AO and
OG may have originally played other important roles in reproduction that preceded the
current functions of sperm maintenance and egg encapsulation.
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The absence of baffle plates and spinnerets throughout the BZE of U. jamaicensis may
explain the reduced structural complexity of the tertiary egg envelope. The OG merely
extrudes marginal amounts of secretory material during the assembly of short-lived
coverings, however, the composition and function of these materials remains unknown.
Additional histological examinations will be necessary to determine if the dilated
peripheral recesses in the anterior portion of the OG are confluent with secondary lumina,
and if they potentially represent an internalized form of the lateral extensions (i.e., Ram’s
horns) seen in placental species (Hamlett et al., 2005c). Many rays have a narrow window
for ovulation, and encapsulate all ova into a single capsule that is presumably
impermeable to sperm (Morris, 1997). However, the sequential ovulation and brief
duration of encapsulation in U. jamaicensis would allow more time for additional follicles
to mature and provide for increased levels of fecundity. The ability to achieve successful
fertilization over a protracted period of mating with repeated inseminations and
ovulation may be an important strategy among other small to moderate sized tropical
species as well.
The short and dispersed nature of the TZE of U. jamaicensis supports the apparent
lack of any long-term storage, however the possibility that some period of sperm
residence occurs within dilated recesses in the posterior segment of the OG cannot be
ruled out at this time.

The absence of sperm storage in viviparous batoids, and

particularly among myliobatiform rays, has been suggested here to have resulted from
the combination of tropical origins, year round breeding strategies, and a prevalence for
multiannual reproductive cycles. In southeast Florida, U. jamaicensis has maintained
reproductive synchrony during the biannual cycle. Whereas other species with seasonal
cycles undergo periods of reproductive quiescence, have lengthy gestation rates, or
appear to have evolved diapause to maintain synchronous annual cycles. The inability of
female rays to store sperm appears to have resulted from a primitive condition with the
OG remaining less developed among phylogenetically basal species. Such a conclusion
would provide support for the plesiomorphic condition of yolksac viviparity among
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batoids, opposed to a degenerative loss in structure and function of the OG during the
evolution of viviparity.
A definitive site of fertilization also remains unresolved, as multiple regions of the
female reproductive tract of U. jamaicensis have varying secretory and epithelial
interactions that appear to be involved in maintaining or minimally prolonging sperm
viability. It is yet to be determined if these sperm-epithelial interactions function in the
degradation of sperm or to regulate capacitation, and either may also vary with location
and the timing of ovulation. In addition to increased fecundity, the brief duration of egg
capsules and seasonal sequential ovulatory pattern of U. jamaicensis reduces constraints
on the site of fertilization and could potentially include the uterus as a viable alternative
for the first time in an elasmobranch. A broader expanse of the reproductive tract
available for fertilization would certainly improve the chances of successful fertilization,
especially if ovulation precedes insemination and unfertilized ova already reside within
the uterus. Since uterine eggs are not maintained in capsules and sequential ovulation
prolongs the ovulatory cycle, repeated inseminations before or after ovulation would be
all that is necessary to achieve fertilization.

313

Chapter 6
6.0 General Summary
The yellow stingray, Urobatis jamaicensis (Cuvier, 1816) is the most common
elasmobranch encountered in the coastal waters of Southeast Florida, though the species
has reportedly experienced recent declines in siting frequencies throughout most of their
range (Ward-Paige et al., 2011).

The objectives of the present research were to

characterize the reproductive biology of a stable population distributed near the northern
extent of the species range, and verify the occurrence of a previously suggested biannual
cycle (Fahy et al., 2007). The periodicity of multiple reproductive parameters and the
maintenance of reproductive synchrony between sexes was examined. Morphological
analyses were conducted to determine the seasonal variation of gross and microscopic
development and structural organization of the reproductive organs of male and female
rays during all stages of reproduction.
A definitive, biannual reproductive cycle with mature females capable of producing
two broods annually was documented for U. jamaicensis in southeast Florida. Pregnant
females were collected during all months throughout the year, but exhibited two
discretely overlapping periods of reproduction. The first cycle (C1) extended from January
to August and the second cycle (C2) from July to February. Combining data from
individuals on: follicle development, ovulation, embryonic growth, and parturition
identified the periodicities of the repetitive female cycles with ovulation and parturition
coinciding from January through April (Feb-Mar peak), and July through October (Aug-Sep
peak). Sequential patterns of follicle development, with concurrent vitellogenesis and
limited resting periods, enabled females to breed immediately following or shortly after
parturition of the previous cycle. Gestational periods overlapped during the transition
between consecutive cycles (Jan-Feb & Jul-Aug). Thus these periods often displayed the
simultaneous occurrence of either term stage females completing the previous cycle, or
post-ovulatory females at the onset of the subsequent cycle. Gestation rates of ca. 5
months were estimated from the timing between peak ovulation, and observations of
both postpartum females and free swimming neonates. Additional support of a biannual
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cycle was provided by differences in both fecundity and lateralization of uterine function
between each reproductive cycle. Significant relationships were indicated with linear
regression, and the fitness of these relationships improved with increased fecundity
during C1. Brood size increased significantly with maternal size, whereas, the size and
weight of term stage offspring (relative to maternal size) decreased significantly with
either increased fecundity or larger maternal size. Functional lateralization of the paired
uteri indicated the right uterus was increasingly used with larger size classes (almost
exclusively during C1), whereas the left uterus matured earlier, was used more frequently,
and contained more ova or developing embryos than the right uterus, regardless of
reproductive cycle.
Reproductive parameters of male rays indicated that biannual peaks in the
gonadosomatic index (GSI) during January and July occurred 1-2 months in advance of
peak female GSI, and that both sexes displayed larger reproductive efforts during the first
cycle. Bimodal peaks in the relative diameter of seminal vesicles (SVD rel) during C1 (FebMar) and C2 (Jul-Aug) coincided with peaks in both the largest follicle diameter (LFD) and
ovulation. Microscopic examination of the testes and male genital ducts verified that
bimodal patterns of spermatogenesis and sperm storage in the seminal vesicles,
maintained appropriate levels of synchrony between male and female biannual cycles.
The morphological structure of the compound type testis and patterns of
spermatogenesis in U. jamaicensis were similar in general to other batoids. However,
several profound differences in the spermatogenic progression were recorded, most
notably the biannual periodicities of proliferative and degenerative processes in
spermatocyst development, two separate pathways of spermatocyst degeneration with
secondary differentiation and hypertrophy of Sertoli cells, the formation of hypertrophied
Sertoli cells into glandular structures, and the accumulation of enlarged spermiated
masses.
Spermatogenesis was disrupted during each cycle with a gradual but incomplete
removal of sequential stages during the degenerative phase of both reproductive cycles.
The formation of large, multinucleated cells (MNC), and the vacuolation and collapse of
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advanced early stage, pre-meiotic spermatocysts signified an ongoing meiotic block.
Secondary differentiation of collapsed spermatocysts occurred in the degenerative zone
(DZ) during each meiotic block, and throughout the peripheral terminal zone (TZ) of
testicular lobules following spermiation and the collapse of evacuated spermatocysts.
The hypertrophied Sertoli cells from both the DZ and peripheral TZ were indistinguishable
in morphology and both terminal stage spermatocysts eventually converged.
Degenerative spermatocysts that originated in the DZ were initially isolated and scattered
within the pre-meiotic zone of testicular lobules, but eventually merged into radiating
columns of hypertrophied spermatocysts that coalesced with the incipient intratesticular
duct (ITD) system. The intercystic occurrence of hypertrophied Sertoli cells (ducts or
remnant cysts) was considered a precursor to interstitial tissues and may represent
presumptive Leydig cells.
Bipotentiality of pre-Sertoli cell differentiation was supported by the apparent
formation of both solid cords of ducts cells and functional Sertoli cells. Unassociated preSertoli cells formed a series of intercystic cords of duct cells that comprised the ITD,
whereas functional Sertoli cells remained associated with primary spermatogonia and
formed primordial spermatocysts. Secondarily differentiated Sertoli cells maintained
intimate relationships with the ITD system and may have additional endocrine/paracrine
functions. The structure and functional morphology of each portion of the extratesticular
genital ducts (ductus efferens, epididymis, ductus deferens, and seminal vesicle) were
described. The biannual cycle of spermatogenesis in U. jamaicensis corresponded with
seasonal patterns of genital duct structure, sperm density and linear sperm aggregate
formation and disaggregation. Luminal elements (Sertoli cell cytoplasts, Sertoli cell
bodies, Leydig gland bodies) were similar to previous studies, however, the occurrence of
nucleated Sertoli cell remnants throughout all regions of the genital ducts was unique and
apparently resulted from the sloughing of nearly intact Sertoli cells during spermiation.
The persistent occurrence of these Sertoli cell remnants suggests the potential for
continued steroidogenic functions within the lumina of genital ducts.
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The criteria for a biannual cycle (gestation 6 months or less, concurrent vitellogenesis,
and a brief resting period) was fulfilled, and recent data suggests this pattern may be
more prevalent among smaller rays in tropical and subtropical climates. The reproductive
periodicity among urotrygonids indicates that the overlapping seasonally biannual cycle
of U. jamaicensis in subtropical Florida, represents an intermediate pattern that has
gradually shifted from an aseasonally biannual cycle in tropical climates, to a seasonally
well-defined, annual cycle in higher latitudes with temperate conditions.

Among

myliobatiform rays, patterns of spermatogenesis and the lack of long-term female sperm
storage have seemingly resulted with novel issues in the fertilization and parturition
schedules associated with separate cycles that have collapsed into a single cycle. Longer
gestation rates, resting periods, and embryonic diapause were discussed as alternative
strategies to maintain sexual synchrony of species with annual cycles, following the loss
of a previous biannual cycle.

Further comparisons among viviparous batoids and

particularly myliobatiform rays are necessary to verify how these strategies have evolved.
In female U. jamaicensis, the structural morphology and developmental changes of
the uterine mucosa were examined throughout all stages of gestation during the biannual
cycle. Histological examination of the bilaterally functional uteri focused on the vascular
and glandular structure of the endometrial tissues. Trophonemata and basal crypts, were
simultaneously responsible for the synthesis and secretion of nutritional histotroph
(uterine fluids), exchange of respiratory gases, and osmoregulation of the uterine fluids
throughout gestation. Basal crypts were continuously present and supplied the preovulatory synthesis and secretion of histotroph. Glandular structure peaked during early
to middle stage gestation, and then gradually regressed and remained highly vascular
through term stage. The basic structure of U. jamaicensis trophonemata was similar to
other myliobatiform rays, however, two consecutive endometrial cycles of regeneration
and regression were completed with extensive remodeling of glandular and vascular
tissues. The trophonemata of immature rays consisted of a uniform, simple cuboidal
epithelium that increased to simple low columnar with maturation.

The onset of

glandular development (adenogenesis) occurred prior to ovulation and resulted from the
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elongation of columnar cells and invagination of endometrial tissues. Adenogenesis
progressed rapidly post-ovulation, and glandular activity peaked during mid-late stage
development, and then gradually declined through term stage gestation with a
progressive sloughing of endometrial tissues.

Vascularization patterns increased

throughout gestation to accommodate the respiratory demands of developing offspring.
Trophonematal ridge epithelium with subjacent vasculature was initially cuboidal,
became progressively attenuated, and eventually reduced to simple squamous at focal
sites of gas exchange. As gestation progressed, the thinning of trophonematal ridge
epithelia and dilation of subjacent capillaries reduced the diffusional distance of these
respiratory barriers. The unilateral endometrial reaction of individual rays during the
paired comparisons of bilaterally mature active (gravid) and inactive (non-gravid) uteri
indicated that conceptus signals were involved in the recognition and maintenance of
pregnancy. The increased glandularization of trophonemata in uteri containing more ova,
also suggested that earlier ovulation and lateralized fecundity patterns influenced the
timing and level of the conceptus signaling mechanisms. Lengthy durations of the
depleted external yolksac (EYS) were considered to play a possible role in signaling
pregnancy recognition and histotroph production.
The extensive glandular structure of U. jamaicensis trophonemata, the early onset of
secretory activity, and the low organic content of histotroph, suggests that matrotrophic
contributions are the result of quantity over quality of the histotroph produced. Various
types of secretions (serous and lipid-like) and secretory processes (merocrine, apocrine,
and holocrine) were recorded, and the potential for several additional sources of
nourishment throughout varying stages of gestation were discussed. The vasculature of
the EYS and transient embryonic gill filaments (EGF) were considered potential early sites
of nutrient uptake and absorption, whereas, the ingestion of sloughed endometrial
tissues and blood cells, seemingly contributed additional nourishment during near-term
and term stages. Thus multiple sources of nourishment formed a complex and dynamic
mixture of histotroph that was continuously modified throughout gestation. Maternal
contributions were estimated from the change in organic weight of uterine ova to term
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stage embryos with an increase of 4490% verifying that extensive levels of matrotrophic
input were provided with a modified form of lipid histotrophy.
The structure and development of the small, barrel-shaped oviducal gland (OG) from
immature, maturing, and mature rays was examined and described from histological
sections with light microscopy. The unique internal morphology of U. jamaicensis OGs
was noticeably less developed in comparison with the structural organization of most
chondrichthyan OGs, and also differed from the uniform lamellae reported for other
myliobatiform rays. Typically, the OG has transverse lamellar ridges that define four
morphologically classified zones with glands located along the base of luminal grooves.
However, the OG of U. jamaicensis has an irregular luminal profile with numerous
glandular pits and discontinuous ridges scattered throughout the surface of mounded
elevations. The numerous glandular pits were formed from recessed, excretory ducts of
the long secretory tubules. The glandular ridges were often separated by enlarged
recesses, which occasionally formed dilated, secondary lumina and received numerous
branches of the long secretory tubules.

Several functional zone-equivalents were

described; combined club-papillary zone equivalent (CPZE), baffle zone equivalent (BZE),
and a short terminal zone-equivalent (TZE). The CPZE included the tubal-oviducal junction
and the anterior tubules (ca. 25%) with small, light staining secretory granules (mucous
glands). The BZE occupied most of the posterior tubules (ca. 75%), staining attributes
rapidly transitioned to larger eosinophilic granules (serous glands) and also exhibited
regionalized differences in the distal periphery of the gland with the formation of unique
rod-shaped inclusions. The TZE was limited to the adjacent distal recesses and was
considered here to include the variably complex pseudo-isthmus (PI) that extended
posteriorly through a large oviducal sphincter and communicated directly with the
anterior uterus. The glandular tubules consisted of a simple columnar epithelium with
abundant secretory and scattered ciliated cell populations. The short excretory ducts and
irregular luminal surface epithelium were comprised mostly of ciliated columnar cells,
whereas the dilated peripheral recesses were reduced to a highly ciliated, simple cuboidal
epithelium.

Regardless that all zone-equivalents were continuously occupied with
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secretory products, only a delicate and short-lived tertiary egg envelope (capsular
membrane) was produced.
Sperm were distributed throughout all regions of the female reproductive tract during
the periods surrounding ovulation of both reproductive cycles. This included the lower
reproductive tract (common cloaca, common vaginal orifice, bilateral vaginal chambers,
cervical regions with vaginal fornices, and uterine papilla), uterus, oviducal gland, anterior
oviduct (uterine tube) and ostia. Inseminated females were mostly pre-ovulatory with
enlarged ovarian follicles or had recently ovulated. Sperm were largely distributed and
embedded within the vaginal epithelium in dense aggregations, indicating recent
insemination. The frequency of sperm and size of aggregations decreased with anteriad
progression, and most remaining observations were situated within uterine basal crypts
or various OG tubules. Sperm were no longer recorded from the OG or any portion of
reproductive tracts of early to advanced stage gestating females. The lack of sperm
occurrence throughout gestation, supports non-storage of sperm in U. jamaicensis with
residency limited during the ovulatory period. Alternative sites of short-term sperm
reservoirs were indicated from the occurrence of several sperm-epithelial interactions
and suggested to prolong residency. In addition to the OG and anterior oviduct, the
uterus may function as a potential site of fertilization, due to sequential ovulatory
patterns and the fragile condition of encapsulating egg membranes.
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8.0

Appendices

8.1
Figures
8.1.1 Chapter 1

Figure 1.1. Urobatis jamaicensis; resting on substrates associated with the nearshore reef ridge complex, Broward
County, Florida; A. Typical hardbottom and B. Buried in sand with only eyes and spiracles exposed.

Figure 1.1. Examples of typical color pattern of U. jamaicensis in waters of South Florida; A. Immature female; B.
Immature male; C. Mature female; D. Mature male. Note: yellow stingrays are capable of modifying coloration and
can appear lighter with dark spots on sandy substrates and may demonstrate a vermiculated pattern in some
specimens from southern portions of the species range (see, Bigelow & Schroeder, 1953 for examples).
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8.1.2

Chapter 2

Figure 2.2. Study location, Broward County, Southeast Florida, USA. LADS (Laser Airborne Depth Sounder) image of
the Broward County Reef system that is situated parallel to shore. The Nearshore Ridge Complex and three reef tracts
(Inner Reef, Middle Reef, and Outer Reef) are in progressively deeper water and separated by regions of sand and
unconsolidated substrate; A. North Broward County; B. South Broward County. (GIS images courtesy of Nicole
D’Antonio, National Coral Reef Institute (NCRI), Nova Southeastern University Oceanographic Center).
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Figure 2.2. Caudal fin condition of U. jamaicensis; A-E. Female rays with varying levels of healed caudal fin truncation;
F. Male ray. Male caudal fins are typically more intact, but do occasionally show signs of caudal bites, and either sex
can have tail cropped, (B, F). Docking of tails is done by some fishermen to avoid contact with caudal spines of
inadvertently hooked rays.
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8.1.3 Chapter 3
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Figure 3.1. Urobatis jamaicensis, size frequencies; of male (n = 72) and female (n = 208) stingrays in 10 mm DW size
classes, collected from coastal waters of Broward County, FL (February 2003-December 2009).
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Figure 3.2. Morphometric relationships of male and female U. jamaicensis. Disk width (DW) vs. Total Weight (TW);
curvilinear relationships were represented with a power curve by the following equations for Males: (
): y =
4.78×10-6x3.4969 (n = 72), r2 = 0.73, and Females: (
), y = 1.07×10-5x3.3421, r2 = 0.91, (n = 201), respectively. There
was no significant difference between sexes for the slope or elevation of regression lines (ANCOVA: F1, 267 = 0.452, P =
0.502).
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Figure 3.3. Male maturity ogive from this study (A.) and (B.) supplemental data from LaMarca (1961); Female Maturity and Maternity Ogives (C., D.); the
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logistic equation to express y as a function of size (x) is 𝑦 = 𝑒

(

𝑎+𝑏𝑥
)
1+𝑒𝑎+𝑏𝑥

(median size-at-maturity or maternity [DW50%], is derived by -a/b).
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Figure 3.5. Male U. jamaicensis, A. Monthly Gonadosomatic Index (GSI) with biannual periodicity of development, B.
Monthly Hepatosomatic Index (HSI) with annual periodicity of development; all values represent mean (±SEM),
numbers above error bars represent sample sizes.
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Figure 3.7. U. jamaicensis, mean (± SEM) monthly seminal vesicle diameter (SVrel) relative to male disk width (DW);
(Dec 2008 – Aug 2010) bimodal peaks during Jan-Mar and Jul-Aug were synchronous with both identified periods of
peak ovulation and breeding activity, numbers above error bars represent sample sizes.
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Figure 3.8. U. jamaicensis gross testicular anatomy, A. Reflected dorsal view of left testis with testicular lobules (T) and
centrally located germinal papilla (arrow), seminal vesicle (SmV), alkaline gland (AG), epigonal tissue (EG); epididymis
(EP), and Leydig glands (LG); B. Removed testes, right testis (RT), left testis (LT) (ventral view); C. Posterior margins of
gonadal-epigonal complex (asterisks) conforming to visceral anatomy, liver (L), spiral valve intestine (SpV), and
stomach (S); D. Liver reflected showing J-shaped stomach, esophagus (ES), pancreas (P), spleen (Spl), and rectal gland
(RG).
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Figure 3.9. U. jamaicensis gross testicular anatomy, examples of seasonal changes in size of testes-epigonal complex and
testicular lobules during maximum and minimum development; A. (C1) maximum GSI (January); B. (C1-C2) minimum
GSI (May); C. (C2) maximum GSI (July); D. (C2-C1) minimum GSI (September). Images on left are the ventral aspect of
testes, whereas images on right are the reflected dorsal aspect of the left testis with spermatogenic lobules for the same
specimen.
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Figure 3.10. U. jamaicensis testicular histology, lobule with modest tunica albuginea (arrow) and simple squamous
epithelial serosa (arrowhead), the germinal papilla (GP) is surrounded by additional collagenous fibers (asterisk) and
epigonal tissue (EG) (transverse section, H&E, 10×).

Figure 3.11. U. jamaicensis testicular histology, testicular lobule in A. coronal plane, B. transverse plane; the pattern of
spermatogenic progression (arrows) from the germinal papilla (GP) is typical of a compound testis, epigonal tissue
(EG) (H&E, 4×).
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Figure 3.12. U. jamaicensis testicular histology, example of adjacent testicular lobules with the formation of terminal
zones (TZ) along the ventral and peripheral margins (dashed lines) during the July peak GSI (C2). Visible within the
central region of the epigonal tissue (EG) are branches of collecting ducts (CD) and the larger longitudinal collecting
duct (LCD) with luminal sperm; (transverse section, H&E, 4×).
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Figure 3.13. U. jamaicensis testicular histology, example of terminal zone convergence of four adjacent lobules,
numbered 1 through 4. Testicular lobules were separated by a sparse trabeculae of connective tissue and pervasive
epigonal tissue (EG) that occurred within the interlobular space (dashed lines). Aggregations of secondarily
differentiated Sertoli cells occur throughout the terminal zone and interlobular space (asterisks) (coronal section, H&E,
4×).
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Figure 3.14. U. jamaicensis, testicular histology, an immature testis with a small testicular lobule dominated by epigonal
tissue (EG) and reduced levels of basal proliferation. All stages of spermatogenesis are present with limited
development of collecting ducts (asterisk) and extensive degenerative late stage spermatocysts (June); the germinal
papilla (GP) is at the top of the section. Inset: stage VI spermatocyst with invasive eosinophilic granulocytes
(arrowheads) (transverse section, H&E, 4×).
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Figure 3.15. U. jamaicensis testicular histology, spermatogenic zonation of compound testis; primordial phase –
germinal papilla (GP), germinal zone (GZ); pre-meiotic phase – early stage through advanced early stage spermatocysts
(SII) with intratesticular duct (ITD) composed of solid cords of cuboidal cells derived from bipotential pre-Sertoli cells;
meiotic phase – primary spermatocytes and secondary spermatocytes (SIII); post-meiotic phase – spermatids (SIV),
early spermiogenesis (SV), late spermiogenesis (SVI); SVII: terminal zone (TZ) forming at the lobule and epigonal (EG)
interface and the degenerative zone (DZ) forming at the SII-SIII transition; (transverse section, H&E, 4×).

Figure 3.16. U. jamaicensis spermatogenesis, A. Germinal papilla (GP) with numerous clusters of large primary
spermatogonia (SG1) that are associated with smaller crescent-shaped pre-Sertoli cells (arrow), bordered by epigonal
tissue (EG); B. Germinal zone (GZ) cords of presumptive spermatocysts with spermatoblasts consisting of pre-Sertoli
cells (arrow) and secondary spermatogonia (SG2) that are arranged in unorganized clusters with the onset of luminal
formation (asterisk) (transverse sections, H&E, 40×); (series continued below).
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Figure 3.16. U. jamaicensis spermatogenesis (continued), C. Columns of primordial spermatocysts, interconnected
with unassociated pre-Sertoli cells forming a segment of the intratesticular duct (ITD) system, embedded within a
highly cellular areolar connective tissue (CT) with abundant collagen fibers; D. Early stage spermatocysts with defined
basement membrane (BM, curved arrow) and patent lumina (Lm), E. SIIa spermatocysts with two concentric rows –
Sertoli cell nuclei adluminal (arrowhead) and spermatogonia (SG2) nuclei abluminal (arrow); F. SIIb spermatocysts
with expanded lumina and migrating Sertoli cell nuclei (arrowhead); G., SIIb spermatocysts with completion of Sertoli
cell nuclei migration (arrowhead); H. SIIIa spermatocyst with primary spermatocytes surrounded by SIV spermatids
(transverse sections, H&E, 40×).
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Figure 3.16. U. jamaicensis, spermatogenesis (continued); I. SIIIb spermatocyst with secondary spermatocytes
undergoing active meiosis (asterisk); J. SIV spermatocyst with irregular rows of round spermatids, forming eosinophilic
tails during the reappearance of lumina (asterisk); K. Advanced SIV spermatocyst with elliptical spermatids arranged
in distinct spermatoblasts; L.SV spermatocyst during early stage spermiogenesis with elongated nuclei and expanded
lumen (Lm); M. Advanced SV spermatocyst with immature spermatozoa oriented towards Sertoli cell nuclei
(arrowhead), characterized by the formation of linear arrays and the onset of nuclear spiraling, lumen expanded with
continued centralized extension of eosinophilic tails; N. SVI “mature” spermatocyst with spiral-shaped spermatozoa
arranged in tightly bundled aggregates of spermatozoa (half-circle) with fully developed eosinophilic tails extending
into the lumen (asterisk), large round Sertoli cell nuclei (arrowhead), and intratesticular duct (ITD) (transverse
sections, H&E, 40×).
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Figure 3.16. U. jamaicensis, spermatogenesis (continued); O. SVI spermatocyst with supranuclear eosinophilic Sertoli
cell body (circle); P. SVII spermatocyst during spermiation, eosinophilic Sertoli cell bodies (circle) dispersed
throughout lumen with individually scattered spermatozoa (asterisk), remnants of Sertoli cell nuclei (arrowhead); Q.
Evacuated SVII spermatocysts (left) and collapsed spermatocysts with hypertrophied Sertoli cells (right), epigonal
tissue (EG), spermatozoa (asterisk); R. Collapsed SVII spermatocyst with confluent intratesticular duct transporting
spermatozoa (asterisk), Sertoli cell remnants during onset of secondary differentiation (arrowhead); S. Solid cord of
collapsed SVII spermatocysts with hypertrophied Sertoli cells (asterisk) and large round nuclei (arrowhead); T.
Differentiated SVII spermatocysts forming collecting ducts (CD) a with patented lumen (Lm) within the TZ between
adjacent lobules, (transverse sections, H&E, 40×).
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Figure 3.16. U. jamaicensis, spermatogenesis (continued); U. Multinucleated germ cells (MNC) of SIIb spermatocysts
and vacuolated appearance (asterisk) consistent with apoptotic characteristics (inset: enlarged view of MNC); V.
Initial collapsed pre-meiotic spermatocyst, only Sertoli cells remain present with surrounding basement membrane
(BM); W. Collapsed spermatocyst forming degenerative zone (DZ) within pre-meiotic zone, round nuclei of
hypertrophied Sertoli cell (arrowhead); X. Cords of hypertrophied Sertoli cells with round euchromatic nuclei
(arrowhead) forming linearly expanding columns of degenerative spermatocysts, duct cells (DC) (transverse sections,
H&E, 40×); Y. Expanded view of a degenerative cord of hypertrophied Sertoli cells extending between SII and SIII
spermatocysts forming a radial column of DZ with two branches (dashed arrows); Z. Convergence between DZ and TZ
with hypertrophied Sertoli cells extending through the meiotic and post-meiotic zones, bordering epigonal tissue (EG)
(transverse section, H&E, 10×).
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Figure 3.17. U. jamaicensis, mean monthly frequencies of staged spermatocysts (SII–SVII); determined from
total spermatocyst counts performed along linear transects across the diameter of histologically sectioned
testicular lobules.
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Figure 3.18. Proportional counts of spermatogenic stages from total spermatocysts, from transverse
sections of U. jamaicensis testicular lobules. Measured on a linear transect from the base of the germinal
papilla (SII) to the terminal edge of SVII at the epigonal interface. Numbers above bars represent the
average number of total spermatocysts per month.
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Figure 3.19 (previous image). Seasonal variation in U. jamaicensis spermatogenesis with representative spermatogenic
lobules during the biannual reproductive cycle. A. April, minimal GSI following C1 with extensive MNC during meiotic
block and rapid transition from SIIa to SIII; B. May, proliferation phase of C2 with continued but limited meiotic block;
C-D. June, recrudescent phase with a dramatic increase in MNC (asterisks) along the SII-SIII interface that effectively
truncated the level of spermatocyst development associated with C2; E. September, second period of minimal GSI and
onset of proliferation for C1 with enlarged GP and continued partial meiotic block with a rapid transition between SIIa
to SIII and large proportion of advanced stage spermatocysts; F. October, extensive proliferation of SII spermatocysts
with enlarged meiotic zone and reduced post-meiotic spermatocysts; G-H. December, extensive SII proliferation
preceding C1 breeding with successive increases in all advanced stage spermatocysts present. The dramatically larger
lobule required two images to encompass the entire lobule (arrowheads, represent the same position within the single
lobule) (transverse sections, H&E, 4×); (June MNC: transverse section, H&E, 10×).

Figure 3.20. Example of U. jamaicensis testicular lobule in April, illustrating development of the degenerative zone (DZ)
at the SII-SIII interface with convergence of hypertrophied Sertoli cells into radial columns of degenerative cords and
SIIb spermatocysts with MNC (asterisks) characterizing apoptosis of germ cell lineages (transverse sections, H&E, 10×).
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Figure 3.21. U. jamaicensis, testis illustrating extensive accumulation of spermiated masses (SM) within the terminal
zone (TZ)-epigonal tissue (EG) interface between adjacent lobules. Clusters of hypertrophied Sertoli cells (asterisks)
were recorded in the TZ and partially formed the epithelium of collecting ducts (CD) (oblique section, H&E, 4×).
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Figure 3.22. An example of U. jamaicensis testicular lobule, showing an abrupt transition between SIIa and SIII
spermatocysts (dashed line) during the brief cessation, or marginal level, of basal proliferation occurring during the
months of March and July and characterized by a reduced DZ, limited SIIa and depleted SIIb (and occasionally as seen
here residual SIII) spermatocysts (transverse section, H&E, 10×).
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Figure 3.23. U. jamaicensis terminal zone (TZ) of testicular lobule illustrating: A. In April formation of lobular collecting
ducts (CD) with lengthy extension through epigonal tissue (EG) and luminal sperm (arrow) (longitudinal section, H&E,
10×); B. In March evacuated SVII spermatocysts (TZa) with post-spermiation differentiation of spermatocysts (TZb)
during testicular regression, and hypertrophied Sertoli cells (asterisks) (transverse section, H&E, 10×).
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Figure 3.24. Example of U. jamaicensis terminal zone (TZ) of the testicular lobule showing extensive accumulations of
hypertrophied spermatocysts (asterisk) in TZ during the April transitional period and collecting ducts (CD), luminal
elements (LE), hypertrophied Sertoli cell (arrowhead), and spermiated mass (SM), (transverse section, H&E, 10×).

Figure 3.25. U. jamaicensis, gross anatomy of male genital tract; A. in situ, B. Excised, C. Enlarged view of distal
segments; epididymis (EP), Leydig glands (LG), ductus deferens (DD), seminal vesicle (SmV), alkaline gland (AG); rectal
gland (asterisk), testis, reflected (T), germinal zone (arrow); epigonal gland (EG).
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Figure 3.26. Example of U. jamaicensis testis, illustrating the initial formation of the Intratesticular Duct (ITD) system
within nests of primordial spermatocysts (asterisks) residing in the germinal zone (GZ). Bipotential pre-Sertoli cells
that were unassociated with germ cells remained connected with developing spermatocysts, forming cuboidal duct
cells (DC) and early stage SIIa spermatocysts were bound within a basement membrane (curved arrow) (transverse
section, H&E, 40×).
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Figure 3.27. U. jamaicensis testis showing a solid cord of duct cells, forming a branch of the intratesticular duct (ITD)
system from parallel layers of simple cuboidal epithelia, and separated by a thin “stromal core” of intervening
collagenous fibers. Note both early (SIIa) and late (SIIb) spermatocysts (transverse section, H&E, 40×).
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Figure 3.28. U. jamaicensis, Intratesticular Ducts (ITD) associated with varying stages of spermatogenesis; A. Premeiotic zone (SII); B. Several interconnected branches of intercystic duct cells between SIIb spermatocysts; C. Premeiotic zone with differentiated spermatocysts (asterisk); D. Emerging degenerative zone (DZ) cord of differentiated
Sertoli cells surrounded by duct cells (DC) traversing meiotic (SIII) and post-meiotic zones (SIV), and hypertrophied
Sertoli cell nuclei (arrowhead); E. Meiotic zone (SIII) with interspersed hypertrophied Sertoli cells and formation of
duct with a patent lumen (asterisk), with Sertoli cell nuclei (arrowhead) and duct cells (DC); F. Patent duct connected
to evacuated SVII spermatocyst with residual Sertoli cell nuclei (arrowhead) (transverse sections, H&E, 40×).
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Figure 3.29. U. jamaicensis testis illustrating a cluster of intercystic hypertrophied Sertoli cells (asterisk) following
degeneration of pre-meiotic spermatocysts. An intercystic cluster of secondarily differentiated Sertoli cells resembling
Leydig-like interstitial cells, Sertoli cell nuclei (arrowhead) (transverse section, H&E, 40×).

Figure 3.30. U. jamaicensis testis illustrating degenerative spermatocysts with infiltrating eosinophilic granulocytes
(asterisk) and neighboring epigonal tissue (EG); A. Post-spermiation degeneration of SVII evacuated spermatocyst; B.
Deterioration of portions of the collecting ducts (CD) during the degenerative phase, (transverse sections, H&E, 40×).

430

Figure 3.31. Examples of U. jamaicensis testes showing initial formation of collecting ducts; A. Degenerative zone (DZ)
with luminal formation (Lm); B. Terminal zone (TZ) collecting duct (CD) with ciliated columnar ductal cells (DC), cilia
(arrows); C. Recently spermiated SVII spermatocysts with multiple branches of intratesticular ducts (ITD) converging
into segmental CD with luminal elements consisting of differentiated Sertoli cells (asterisk) with large round
euchromatic nuclei (arrowhead); D. Longitudinal and transverse sections of segmental branches of CD situated at TZ
gonadal and epigonal interface (EG), and embedded hypertrophied Sertoli cell (asterisk); E. Lobular CD adjacent to
longitudinal collecting duct (LCD) with ciliated columnar cells and an increased layer of circular connective tissue (CT)
and luminal sperm (arrow), with nucleated Sertoli cell remnants (asterisk) in lumen and basally situated intraepithelial
leukocyte (arrowhead); F. LCD with thick layer of circular CT and numerous Sertoli cell remnants (asterisk) and loose
spermatozoa (transverse sections, H&E, 40×).
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Figure 3.32. U. jamaicensis testicular collecting ducts (CD) during degenerative phase; (April, A-E; September, F) with
scattered differentiated Sertoli cells (asterisk) embedded within the ductal epithelium composed of duct cells and
collapsed spermatocysts. Luminal elements consist of Sertoli cell bodies (circle), anucleated Sertoli cell cytoplasts
(arrow), nucleated remnants of Sertoli cells (arrowhead) and scant spermatozoa (curved arrow), spermiated
masses (SM) (transverse sections, H&E, A and F: 10×; B-E: 40×).
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Figure 3.33. U. jamaicensis testicular longitudinal collecting duct (LCD) that was mostly isolated in the ventral portion
of epigonal tissue (EG) during the brief recovery in May of sperm production for C2. Also visible is a lobular collecting
duct (CD) branch, connective tissue (CT), luminal sperm (asterisk), and cilia (arrowhead) (transverse section, H&E,
40×).
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Figure 3.34. U. jamaicensis lobular collecting duct (CD) with ciliated columnar epithelium. Secretory cells with round
or elongated nuclei are visible in the basal portions of the cells, which often exhibited apical blebs (half circle). Ciliated
cells (arrowhead) were interspersed among the secretory cells, with round to elongated nuclei in the medial to apical
portions of cells. Differentiated Sertoli cell (asterisk) surrounded by duct cells (arrow) were embedded within the CD
epithelium (transverse section, H&E, 40×).
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Figure 3.35. U. jamaicensis male genital tract; A. Ductus efferens (DE) (efferent duct) forming several smaller
branches following departure from the testis through the epigonal organ (EG) and a transitional convergence with
the initial segment of the anterior epididymis (Ant. EP) (4×); B. Simple ciliated columnar epithelium with secretory
and ciliated cells (40×); C. Distal portion of DE with irregular epithelium (40×); D. Transitional junction between DE
and Ant. EP with loosely organized spermatozoa (Sz) (10×); E. Ductal-epididymal junction (neck) (40×); F. Ductalepididymal junction with rapid transition in luminal epithelia morphology (40×). Basally situated intraepithelial
leukocytes (arrows) occurred with increasing frequency in more distal segments of the DE. The Ant. EP had
numerous acini (asterisks) and elongated cilia (arrowheads); (longitudinal sections, H&E).
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Figure 3.36. U. jamaicensis male genital tract; A. Initial segment of the anterior epididymis (Ant. EP) with compound
acini (asterisks) and loose spermatozoa (Sz) in lumina, ductus efferens (DE) (collected in November) (longitudinal
section, H&E, 10×); B. Transition between initial (1), proximal (2) and distal (3) segments of anterior epididymis (4×);
C. Closer view of B (10×); D. Epithelium of initial segment with compound acini; E. Proximal segment with simple
acini (asterisk) and secretory epithelium with cilia (arrowhead); F. Distal segment epithelium and ring of eosinophilic
secretory material (curved arrow), intraepithelial leukocytes (arrows) (40×) (B-F, are from December, during a period
of increased spermiation) (transverse sections, H&E).
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Figure 3.37. U. jamaicensis male genital tract, transitional zone between anterior (proximal-distal segments) and
medial epididymis; A. Sections of anterior (Ant. EP) and medial (Med. EP) epididymis during a period of peak
copulation (March), (4×); B. Testicular regression: (April), (4×); C. Non-reproductive period: (May), (4×); D. Early
testicular recrudescence: (October), (4×); E. Late testicular recrudescence: (December), (10×); and F. Late testicular
recrudescence: (December), (40×), showing cilia (arrowhead) and connective tissue (CT) (transverse sections, H&E).

Figure 3.38. (following page) U. jamaicensis male genital tract, medial epididymis during peak copulation February (A.)
and March (B.); testicular regression and minimum GSI – April (C.) and May (D.); early recrudescence – October (E.)
and November (F.); and late recrudescence – December (G.), ciliated cuboidal epithelium – December (H.); cilia
(arrowhead), Leydig gland tubule (LG), Sertoli cell remnant (asterisk), connective tissue (CT) (transverse sections, H&E,
A-G., 10×, H. 40×).
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Figure 3.38
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Figure 3.39. U. jamaicensis male genital tract, medial epididymis with ciliated (arrowhead) low columnar epithelium
during A. Nonreproductive period (November) (10×) with intraluminal Sertoli cell cytoplast (asterisk) and lymphocyte
(circle), and B. Transitional region between medial (Med. EP) and posterior epididymis with apical blebs (half circle)
(40×) (transverse sections, H&E).

Figure 3.40. U. jamaicensis male genital tract, posterior epididymis; A. Transition from medial (Med. EP) to posterior
epididymis (Post. EP) and formation of linear sperm aggregates (arrows), Leydig gland tubules (LG) are occasionally
seen; B. Same section as (A) with a further distal progression (4×); C. Posterior epididymis with reappearance of
epithelial folds (arrowhead) (10×); and D. Posterior epididymis epithelium, eosinophilic luminal matrix (asterisk) (40×),
(longitudinal sections, H&E).
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Figure 3.41. U. jamaicensis male genital duct; A. posterior epididymis (Post. EP) and ductus deferens (DD) junction
(asterisk) (4×); B. (10×); and C. Highly irregular, ciliated columnar epithelium with abundant secretory cells and apical
secretory vesicles (circle) (40×). Leydig glands (LG) are surrounding the DD, and sperm aggregates, secretory vesicles
and Leydig gland bodies (arrowhead) are visible within the lumen of the DD; (longitudinal sections, H&E).
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Figure 3.42. U. jamaicensis ductus deferens with ciliated columnar epithelium (left) and luminal contents (right) A-B.
March, during peak copulation with extensive secretory blebs (half circle) and absorptive traits (“foamy” and
vacuolated appearance), and densely packed linear sperm aggregates (arrow), C. November, during testicular
recrudescence and following the primary degenerative phase with luminal contents reduced to few sperm or depleted
(as seen here) and primarily consisted of variously sized, eosinophilic Leydig gland bodies (asterisks); D. Leydig gland
tubules (LG) and occasional excretory ducts (ExD) with dense accumulations of LG bodies are visible within the
subjacent connective tissue (CT); E-F. December, during initial C1 peak in GSI with increased height in epithelium and
secretory activity, luminal contents were densely packed with both linear aggregates and individually unaligned sperm
and contained numerous Sertoli cell remnants (arrowheads); (transverse sections, H&E, 40×).
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Figure 3.43. U. jamaicensis ductus deferens (DD) with seasonal variation in luminal diameter and Leydig gland (LG)
development corresponding with patterns in reproductive periodicity; A. January, during peak GSI (C1) prior to peak
copulatory period; B. February, during the onset of testicular regression and elevated breeding activity, C. March,
during continued testicular regression and occurrence of peak copulatory period; D. April, during minimal GSI
(transition between C1-C2) with depleted contents and reduced luminal diameter following the collapse and occlusion
of the small collecting duct branches (10×); E. May, during onset of brief recovery in spermatogenesis (C2); F-G.
October, during the early recrudescence (C1) period and following the primary degenerative phase (Aug-Oct); H.
November, with depleted luminal contents and reduced LG activity; and I. December, during late recrudescence with
increasing epithelial and LG secretory activity; Leydig gland excretory ducts (arrowheads), luminal sperm (asterisks),
connective tissue (CT), (transverse sections, H&E, all micrographs 4×, excluding D. with 10× magnification).
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Figure 3.44. U. jamaicensis Leydig gland excretory ducts; A. Branched excretory ducts (ExD) surrounded by simple,
coiled Leydig gland tubules (LG) and embedded within a highly cellular, areolar connective tissue (CT) stroma, (10×);
B. Excretory duct with a ciliated (arrowhead), low columnar to cuboidal epithelium and branches terminating in LG
tubules (asterisk) (40×) (transverse sections, H&E).

Figure 3.45. U. jamaicensis Leydig gland epithelium; A. Ciliated columnar epithelium with numerous secretory cells
(curved arrow) and scattered ciliated cells with apical nuclei (arrow); Leydig gland bodies within lumen of gland tubule
and abundant eosinophilic material along cilia (arrowhead) of excretory duct (ExD) are visible; B. Coiled Leydig gland
(LG) tubules, connective tissue (CT), and aggregations of eosinophilic secretory material (asterisk), (transverse
sections, H&E, 40×).
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Figure 3.46. U. jamaicensis seminal vesicle epithelium; A. Transverse septae with ciliated columnar epithelium
illustrating cilia adhered in pointed clusters (arrowhead); (longitudinal section, H&E, 40×); B. Pinnately branched
secondary ridge of transverse septae with ciliated columnar epithelium and basal acini forming between ridges
(asterisk); C. Luminal mucosa with ciliated cuboidal epithelium (arrow); D. Apex of transverse septae with irregularly
arranged smooth muscle (SM) fibers throughout the expansively flattened stromal core (transverse sections, H&E,
40×).
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Figure 3.47. U. jamaicensis seminal vesicle (SmV), examples from; A. February, during peak copulatory period with
adjacent alkaline gland (AG) tissue (4×); B. April, during testicular regression and minimal GSI (10×); C. May, during
minimal GSI with brief proliferative phase (C2) (10×); D. June (4×) and E. June (10×), during early recrudescence (C2)
with disaggregation of remaining luminal sperm; F. July, during second copulatory period and peak GSI (C2) (4×); G.
August, during continued second copulatory period (4×); H. September, during completion of C2 copulatory period
and peak testicular degenerative phase (4×); I. October, during early testicular recrudescence with continued
disaggregation of luminal sperm and reduced contents; J-K. November, during late recrudescence with limited or
depleted luminal sperm (4×); and L. December, during onset of peak GSI (C1) with increased luminal contents and the
reappearance of linear sperm aggregates (4×); transverse septa (asterisks); (transverse sections, H&E).
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Figure 3.48. U. jamaicensis seminal vesicle showing alternating sequence of “nearly” transverse septae (asterisks)
forming a lattice of spiraling apertures with stored sperm compartmentalized into numerous layers of densely
aggregated bundles and embedded within an eosinophilic matrix (longitudinal sections, H&E, 4×).

Figure 3.49. U. jamaicensis luminal contents of male genital ducts; A. Sperm mass in TZ of testis during April with a
cluster of secondarily differentiated Sertoli cells (asterisk); B. Proximal segment of anterior epididymis during April
with numerous luminal elements; Sertoli cell bodies (arrowheads), Sertoli cell remnants (asterisks) and Sertoli cell
cytoplasts (arrows); (transverse sections, H&E, 40×).
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Figure 3.50. U. jamaicensis, luminal contents of medial epididymis; A. January; B. February; C. March; D. April; E. May;
F-G. October; H. November; I. December; Sertoli cell remnants (asterisks), remnant nuclei of shed epithelial cells and
lymphocytes (arrowheads); (transverse sections, H&E, 40×).

Figure 3.51. U. jamaicensis, luminal contents of posterior epididymis; A. January; B-C. April; D-E. October; F. December;
Sertoli cell cytoplasts (arrowhead) (transverse sections, H&E, 40×).
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Figure 3.52. U. jamaicensis examples of luminal contents of ductus deferens; A. January; B. February; C. March; D.
April; E. May; F. October; G-H. November; I. December; Sertoli cell remnants (asterisks), Sertoli cell cytoplasts
(arrowhead), Leydig gland bodies (arrow) (transverse sections, H&E, 40×).

Figure 3.53. (following page) U. jamaicensis examples of luminal contents of seminal vesicles; with a bimodal pattern
in the formation of linear sperm aggregates and subsequent disaggregation of packets into individual sperm. A.
January, linear sperm aggregates were densely packed during peak GSI; B. February and C. March, sperm packets
remained densely aggregated during the peak copulatory period; D. April and E. May, sperm aggregates accumulated
during testicular regression and reduced mating activity; F-G. June, the onset of C2 recrudescence marked the first
disruption of luminal sperm organization after peak degenerative conditions affecting the testicular collecting ducts
occurred during April; H. July, a brief testicular recovery with replenished luminal sperm aggregates occurred during
peak GSI (C2); I. August, sperm aggregates remained elevated during the second peak copulatory period; J. September,
degenerative conditions with a second disruption of luminal sperm contents and onset of disaggregation occurred; KM. October, an increased prevalence of degenerative conditions occurred; N-P. November, during the onset of the
second recrudescent phase, luminal sperm content was diminished or entirely depleted; and Q-R. December, dense
accumulations of linear sperm aggregates reappeared during the recovery of testicular lobules and GSI; (transverse
sections, H&E, all micrographs 40×, excluding O. with 10× magnification).
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Figure 3.54. Female U. jamaicensis, monthly Gonadosomatic Index (GSI); mean (± SEM), A. Total combined cycles (CC),
B. Reproductively active (RA) CC, C. Non-reproductive (NR) CC, D. RA cycle 1 (C1), and E. RA cycle 2 (C2); values above
points represent pooled monthly sample sizes over the duration of the study.
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Figure 3.55. Female U. jamaicensis, GSI separated by uterine (U) stage; mean (± SEM), A. Total combined cycles (CC),
B. Cycle 1 (C1), and C. Cycle 2 (C2); U3 (pre-ovulatory/nonreproductive); U4 (post-ovulatory); U5a (early stage); U5b
(middle stage); U5c (late stage); U5d (near-term stage); U5e (term stage), values above points represent the pooled
sample sizes of each stage class over the duration of the study.
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Figure 3.56. Female U. jamaicensis, mean (± SEM) monthly Hepatosomatic Index (HSI), A. Total combined cycles (CC);
B. Reproductively active (RA) CC; C. Non-reproductively active (NR) CC; D. Cycle 1 (C1); and E. Cycle 2 (C2); values
above points represent pooled monthly sample sizes over the duration of the study.
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Figure 3.57. Female U. jamaicensis, HSI separated by uterine (U) stage; mean (± SEM), A. Total combined cycles (CC),
B. Cycle 1 (C1), and C. Cycle 2 (C2); U3 (pre-ovulatory/nonreproductive); U4 (post-ovulatory); U5a (early stage); U5b
(middle stage); U5c (late stage); U5d (near-term stage); U5e (term stage), values above points represent the pooled
stage class sample sizes across the duration of the study.
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Figure 3.58. Female U. jamaicensis, Monthly Largest Follicle Diameter (LFD); mean (± SEM), A. Total combined cycles
(CC); B. Reproductively active (RA) CC; C. Non-reproductively active (NR) CC – May values (asterisk) represent the RA
female mean values, as no females were NR during May; D. Cycle 1 (C1); and E. Cycle 2 (C2); values above points
represent pooled monthly sample sizes over the duration of the study.
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Figure 3.59. U. jamaicensis, Largest Follicle Diameter (LFD) by uterine (U) stage; mean (± SEM), A. Total combined cycles
(CC); and reproductively active females B. Cycle 1 (C1); and C. Cycle 2 (C2); U3 (pre-ovulatory), U4 (post-ovulatory),
U5a (early stage), U5b (middle stage), U5c (late stage), U5d (near-term stage), U5e (term stage) embryonic
development. There were difficulties in delineating U3 and postpartum U6 females, which resulted in the combination
of both stages for most analyses; values above points represent stage class sample sizes over the duration of the study.
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Figure 3.60. Female U. jamaicensis, scattergram plots of Largest Follicle Diameter (LFD) on daily scale; A. U3, open circles
(nulliparous), closed circles multiparous females; B. U4; C. U5; D. U6; E. Uterine stage of gestation (U5a-e) U5a ( ), U5b ( ),
U5c ( ), U5d ( ), U5e ( ).
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Figure 3.61. (previous plates) U. jamaicensis, examples of monthly ovarian development with concurrent uterine stage
of embryonic development; January (A-D.); February (E-F ); March(G-H.); April (I); May (J-K.); June (L-M.); July (N-P.);
August (Q-R.); September (S-Y.); October (Z., I-V); November (VI-VII); December (VIII-X). Uterine stages: (U) preovulatory, (U4) post-ovulatory, (U5a) early stage (<50 mm TL), (U5b) middle stage (50-100 mm TL), (U5c) late stage
(>100 mm TL, more), (U5d) near-term stage, (U5e) term stage, (U6) post-partum; (U3/6) indicates both conditions
were concurrent, unfertilized represents a female with a single unfertilized and degenerative egg in utero.
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Figure 3.62. Female U. jamaicensis, mean monthly Largest Follicle Diameter (LFD) (± SEM) (
) and mean monthly
embryo size (± SEM) for cycle 1 ( ) and cycle 2 ( ); numbers represent pooled monthly sample sizes of embryos for
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Figure 3.63. Female U. jamaicensis, Largest Follicle Diameter (LFD, mm) vs. Embryo Size; measured in total length (TL)
(mm); A. Combined cycle (CC); B. Cycle 1 (C1); and C. Cycle 2 (C2).
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Figure 3.64. Scattergram plot of embryo total length (TL) (mm) on daily scale (day of year); A. Normal calendar year, B.
Data from C2 were extended beyond 365 days to more clearly visualize the continuous pattern of development.
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Figure 3.65. Scattergram plot of embryo total weight (TW) (g) on daily scale (day of year); A. Normal calendar year; B.
Data from C2 were extended beyond 365 days to more clearly visualize the continuous pattern of development.
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Figure 3.66. U. jamaicensis, examples of the gross morphology of Uterine (U) stage and genital tract condition (ovaries
removed) with corresponding month of collection; A. June, immature (U1); B. June, onset of development (U1/2); C.
June, elongation of uteri (U2) and onset of oviducal gland (OG) zonation; D. April, elongating uteri (U2/3) with mature
follicles; E. March, morphologically mature “virgin” (U3); F. February, (U4) – (right side (U3), never used); (series
continued below).
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Figure 3.66. (continued) U. jamaicensis, examples of the gross morphology of Uterine (U) stage and genital tract
condition (ovaries removed) with corresponding month of collection; G. January, (U4) – right side prepared for use;
H. January, (U4) left side with 2 ova, right side expanded with fluid only; I. March, (U4 and U5a); J. September, (U5a)
– only left side active (right side previously used but empty); K. September, (U5b); L. January, (U5c) only left uterus
active.
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Figure 3.66. (continued) U. jamaicensis, examples of the gross morphology of Uterine (U) stage and genital tract
condition (ovaries removed) with corresponding month of collection; M. June, (U5d) both uteri active; N. January,
(U5e) left side only in use; O. September, (U5e) and P. Same animal as (O) post-partum (U6); Q. August, (U6) birth of
brood on boat 1-hr post capture with dissection 2 days later; R. March, (U3/6) postpartum (left uterus) recovering and
partially distended with uterine fluids.
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Figure 3.67. Uterine Fecundity relationships; the mean number of offspring (± SEM) for each arbitrarily designated size
class (4: 150-174.9, 5: 175-199.9, 6: 200-224.9, 7: 225-250 mm DW); A. Left vs. right uterine fecundity for combined
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analysis was non-significant, and id represents insufficient data.
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Figure 3.68. Maternal size-brood size relationships; linear regressions for total observations of maternal female U.
jamaicensis disk width (DW) and uterine fecundity (UF) A. Combined cycle (CC); B. Cycle 1 (C1); C. Cycle 2 (C2); 95%
confidence intervals (
); 95% prediction intervals (
).
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Figure 3.69. Maternal weight-brood size relationships; linear regressions for maternal U. jamaicensis adjusted total
weight (TWadj) and uterine fecundity (UF); A. Combined cycles (CC); B. Cycle 1 (C1); C. Cycle 2 (C2); 95% confidence
intervals (
); 95% prediction intervals (
).
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Figure 3.70. Maternal size-embryo size relationships; linear regressions for term stage maternal female U. jamaicensis
and relative mean size of embryos per brood; A. Combined cycle (CC); B. Cycle 1 (C1); C. Cycle 2 (C2); 95% confidence
intervals (
); 95% prediction intervals (
).
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Figure 3.71. Maternal weight-embryo weight relationships; linear regressions for term stage maternal female U.
jamaicensis and relative mean weight of embryos per brood; A. Combined cycles (CC); B. Cycle 1 (C1); C. Cycle 2 (C2);
95% confidence intervals (
); 95% prediction intervals (
).
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Figure 3.72. Embryo size-brood size relationships; linear regressions for term stage relative mean embryo size and
uterine fecundity (UF); A. Combined cycles (CC); B. Cycle 1 (C1); C. Cycle 2 (C2); 95% confidence intervals (
);
95% prediction intervals (
).
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Figure 3.73. Embryo weight-brood size relationships; linear regression for term stage relative mean embryo weight and
uterine fecundity (UF); A. Combined cycles (CC); B. Cycle 1 (C1); C. Cycle 2 (C2); 95% confidence intervals (
); 95%
prediction intervals (
).
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Figure 3.74. Comparison of Male Gonadosomatic Index (GSI) from 3 species of rays; with a defined biannual cycle for
both male and female U. jamaicensis (Uj). Dasyatis sabina (Ds) and Urobatis halleri (Uh) have well-defined annual
cycles for males, but signs of a potential former biannual cycle for female of both species. Male GSI data accumulated
from Maruska et al., 1996 (Ds) and Babel, 1967; Mull et al., 2008 (Uh); (asterisk) represents estimated value of missing
data for U. halleri during January. The recorded ovulatory period (
) for each species and the estimated second
ovulatory cycle (
) for Uh and Ds are indicated below the chart. The observed parturition period is indicated
by the species symbol with the second ovulatory surge for D. sabina that fails to develop indicated by a closed
arrowhead ( ) on the x-axis. Second proposed parturition peak for U. halleri, based on nearshore collection of
neonates ( ).
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Lateral

Seminal Vesicle

Figure 3.75. U. jamaicensis seminal vesicle (SV), reproduced illustration of Fig. 12 (LaMarca, 1961). The structural
pattern of the SV consists of staggered, chamber-like partitions with peripheral support struts, and alternating
elliptical perforations (asterisks) that are eccentrically displaced and offset between sequential plates (arrow). The
original image was sketched from an acetate “tracing sheet” model (×15) and photographs produced from serial
longitudinal sections (Mallory’s trichrome stain) using a Bioscope Micro Projector, Model No. 500 (Tulsa, Oklahoma,
U.S.A.).
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Figure 3.76. Transverse section of an enlarged vitellogenic follicle (LFD = 13.1 mm) from a U. jamaicensis, term stage
female (U5e). A. Follicle with abundant yolk platelets (asterisk) and follicular extensions (arrow) with large round
cells (arrowhead) (H&E, 10×); B. Thecal and granulosa layer of peripheral follicle with no apparent large round cells
(H&E, 40×); C-D. Follicular extensions with numerous large round cells (H&E, 40×).
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8.1.4 Chapter 4

Figure 4.1. U. jamaicensis, immature (U1) and maturing (U2) uteri. Uteri of both stages were composed of a simple
columnar epithelium with reduced vasculature and a thin lamina propria (LP) of highly cellular, areolar connective
tissue (CT) that extended into trophonemata and formed the stromal core. The uterine wall was thin but already
consisted of a myometrium (MM), with an inner circular layer (IC) and outer longitudinal layer (OL) of smooth muscle
(SM) and surrounding tunica adventitia (TA) layer. A. #162, immature (U1), left uterus (4×); B. #253, maturing (U2),
left uterus, (4×); C. #162, immature (U1) and D. #4/13/11, maturing (U2) basal crypt (BC) with limited occurrence of
ciliated cells (arrow) and intraepithelial lymphocytes (circle) (40×); E. #4/13/11 sagittal view of maturing (U2),
trophonemata (TR) (40×); F. #4/13/11, transverse view of maturing (U2) trophonema with the vasculature composed
of dispersed blood vessels (BV) (40×) (transverse section, H&E); limited secretory activity (arrowhead) of basal crypt
and trophonemata epithelia was recorded, uterine lumen (asterisk).
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Figure 4.2. U. jamaicensis, pre-ovulatory stage uterus (U3) and post-partum uterus (U6). During nonreproductive
stages, the uterine wall was expansive with stromal tissues (lighter areas) composed of areolar connective tissue (CT)
interspersed between bundles of smooth muscle fibers of the inner circular layer (IC) and outer longitudinal layer
(OL) of the myometrium (MM) and surrounding tunica adventitia (TA). The lamina propria (LP) underlying the
endometrial tissues was extensive. A. #126, (C1) U3, Left Uterus (4×); B. #144, Left Uterus (C2) U6 (10×); C. #4/2/11,
(C1) trophonema (TR) with the onset of glandular invagination of secretory crypts (glandular acini) (arrow) and
subjacent vasculature (arrowhead) (40×); D. #4/2/11, (C1) trophonema (40×) with small peripheral arteries (PA) and
heavily invested with stromal tissues; E. #154, (C2) trophonema with onset of glandular invagination (40×); and F.
#154, (C2) basal crypt (BC), with moderate secretory activity (40×) (transverse sections, H&E).
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Figure 4.3. U. jamaicensis, post-ovulatory stage uterus (U4). A. #196, (C1, Left Uterus) (4×); B. #196, (C1, Right Uterus)
(4×) with the myometrium (MM) composed of an inner circular layer (IC) and outer longitudinal layer (OL) of smooth
muscle (SM) and surrounding tunica adventitia (TA); C. #218, (C2, Left Uterus) (10×); D. #196, (C1, Right Uterus) (10×)
with the lamina propria (LP) underlying endometrial tissues, and central axial vein (AV) and peripheral artery (PA) of
trophonemata (TR) visible; E. #196, (C1, Left Uterus) basal crypt (BC) (left) and trophonemata (right) with tall simple,
columnar epithelia and glandular invagination (arrow) (40×); F. #147, (C2, Left Uterus) basal crypt (top) and
trophonemata (bottom) with noticeably reduced epithelia throughout all levels of endometrial tissues, proximal
sections of trophonemata have decreased levels of adenogenesis (40×). Epithelia was flattened or occasionally
reduced to simple squamous when overlying subjacent vasculature (arrowhead) (transverse sections, H&E).
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Figure 4.4. U. jamaicensis, post-ovulatory stage uterus (U4). A. #196, (C1) trophonemata of left uterus with
developing secretory crypts (arrow) and expanding ridge vasculature (arrowhead) (40×); B. #196, (C1) trophonemata
of right uterus, with a noticeable difference in development in comparison with the contralateral uterus of the same
specimen (40×); C. and D. #218, (C2) trophonemata of left uterus with axial vein (AV) and peripheral artery (PA)
visible in the transverse sectioned trophonema (40×), (transverse sections, H&E).

Figure 4.5. U. jamaicensis, inactive right uterus (U5a). A. #224, (C1) uterine lumen with eosinophilic membranous
tertiary egg envelope (EE) (4×); B. Detailed view of (A) with flattened simple cuboidal epithelium of undeveloped
trophonemata (TR) and luminal eosinophilic granules forming the Egg envelope (or capsule). The egg capsule lacks
a vitellogenic egg, but has additional internalized, secretory material (asterisk), (40×) (transverse sections, H&E).
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Figure 4.6. U. jamaicensis, early stage uterus (U5a). A. #197, (C1) left uterus (4×); B. #78, (C1) right uterus, (4×); C.
#224, (C2) left uterus (4×); D. #224, (C2) inactive, right uterus (4×). The muscularis and lamina propria (LP) of gravid
(active) uteri (A-C) is noticeably reduced in comparison with the mature inactive uterus (D) following considerable
distention of the uterine wall with histotroph. E. #53, (C2) highly vascularized luminal mucosa (arrowhead) of the left
uterus with signs of apical blebbing (circle) (40×); F. #53, (C2) immature, right uterus (4×) (transverse sections, H&E);
highly developed basal crypts (BC). Myometrium (MM), inner circular layer of muscularis (IC), outer longitudinal layer
of muscularis (OL), tunica adventitia (TA).
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Figure 4.7. U. jamaicensis, early stage uterus (U5a). A mixture of simple cuboidal and columnar cells between
glandular and ridge epithelia with a dense subepithelial capillary network (arrowhead) and modest lamina propria
(LP) during recovery processes. A. #224, (C2) left uterus basal crypt (BC) with compound acini and trophonemata
(TR) (10×); B. #224, (C2) left uterus, basal crypt with compound acini (seen branching off as basal parts of individual
acini from a larger recessed crypt) (40×); C. #197, (C1) active, right uterus – proximal trophonema with less developed
acini (arrow). Note larger size of central axial vein (AV) containing red blood cells, and extensive eosinophilic
granulocytes in surrounding stromal core of trophonemata (40×); D. #224, (C2) active, left uterus, distal trophonema
with well-developed acini (columnar) and aglandular cuboidal epithelium surrounding the peripheral artery (PA)
(40×); E. #224, (C2) basal crypt from inactive, right uterus (mature) (40×); F. #224, (C2) trophonema with simple
cuboidal epithelium from inactive, right uterus (mature) with extensive stromal tissues and marginal remnants of
incompletely formed acini (40×); (transverse sections, H&E).
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Figure 4.8. U. jamaicensis middle stage uterus (U5b) with extensive glandular development of basal crypts (BC) and
trophonemata (TR). A. 5/3/11 (#2), (C1) active, left uterus (4×); B. 5/3/11 (#2), (C1) inactive, right uterus (immature
or never used) (4×); C. #236, (C2) active, left uterus (4×); D. #236, (C2) inactive, right uterus (previously used) (4×); E.
#56, (C2) inactive, left uterus (4×); F. detail of (E) degenerative mucosa with sloughing endometrial cells (EC),
lymphocytes (arrowhead), eosinophilic granulocytes (EG), and remnants of egg envelope (EE) (40×) (transverse
sections, H&E); myometrium (MM), inner circular layer of muscularis (IC), outer longitudinal layer of muscularis (OL),
tunica adventitia (TA), blood vessel (BV).

482

Figure 4.9. U. jamaicensis, middle stage uterus (U5b). A. #236, (C2) active, left uterus, basal crypt (BC) with tall,
simple columnar epithelium (actively synthesizing and secreting, light staining granules) (40×); B. #236, (C2) inactive,
right uterus, basal crypt with simple cuboidal epithelium, and extensive subjacent capillary network (arrowhead)
(40×); C. #135, (C1) basal crypts (recessed expanse) resembling inverted trophonemata (10×) (coronal view of crypt,
oblique section of uterus); D. #189, (C1) secretory crypt of trophonemata (TR) with intraepithelial lymphocyte (circle),
increased vasculature and moderately attenuated epithelium overlying the subepithelial vascular ridge (40×) –
secretory inclusions forming linear arrays of material; E. #56, (C2) inactive, left uterus with limited basal crypt activity,
and trophonemata with reduced vasculature and marginal remnants of acini. Numerous eosinophilic granulocytes
(EG) occurred in uterine lumen and tissues (40×); F. #236, (C2) inactive, right uterus with partially intact egg envelope
(EE) within the uterine lumen (asterisk), (10×) (transverse sections, H&E); peripheral artery (PA), central axial vein
(AV), lamina propria (LP), smooth muscle (SM).

483

Figure 4.10. U. jamaicensis, late stage uterus (U5c). A. #247, (C2) advanced late stage in utero embryo with
trophonemata (TR) visible through thin, transparent uterine wall (trophonemata origin associated with primary
uterine vasculature); B. #141, (C1) inverted uterus with fully developed trophonemata profusely lining the entire
endometrium (uterus completely submerged within a considerable amount of clear histotroph); C. #266, (C2)
trophonemata from left active uterus; D. #266, (C2) closer view with higher magnification of peripheral arteries (PA),
central axial vein (AV), anastomosing (garland) capillaries (arrow) surrounding glandular pits (circle); E. #266, (C2)
trophonemata with garland capillaries highlighted under contrasting light; (C-E) fresh dissection of uterine tissue,
viewed with a high powered dissecting scope; F. SEM of trophonemata vascular perfusion cast (15 KU 22.3X 1000U
8444, embryos were (early) late stage, 106-109 mm TL) (Courtesy of B. Basten).
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Figure 4.11. U. jamaicensis, late stage uterus (U5c). A. #5/17/12, (C1) left (active) uterus (4×); B. #5/17/12, inactive
(never used), right uterus (4×); C. #266, (C2) active, left uterus (4×); D. #266, inactive (previously used), right uterus
(4×); E. #5/17/12, (C1) basal crypt (BC) and mucosal ridge epithelium with developing subepithelial capillaries
(arrowhead) and apical blebs (arrows) (40×); F. #5/17/12, adjacent trophonemata (TR) with extensive secretory
activity (merocrine and apocrine) (40×) (transverse sections, H&E); central axial vein (AV), myometrium (MM), inner
circular layer of muscularis (IC), outer longitudinal layer of muscularis (OL), smooth muscle (SM), tunica adventitia
(TA).
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Figure 4.12. U. jamaicensis, late stage uterus (U5c). A. #210, (C1) basal crypt (BC) (left active uterus) with apocrine
(apical blebs, circles) and holocrine (shedding epithelial cells (EC) with marginal cellular debris) secretions from
degenerative secretory cells (40×); B. #266, (C2) basal crypt (left active uterus) with increased degenerative traits and
extensive tissue sloughing (40×); C. #140, (C1) trophonemata (TR) from active, left uterus with fully developed
secretory acini (arrows) seen in longitudinal and transverse sections (10×); D. #268, (C2) developed secretory acini
with multiple transverse sections of peripheral arteries (PA) seen due to the undulating, foliated structure of
trophonemata. Trophonemata secretory acini were slightly less developed during C2 with comparably sized embryos
(10×); E. #5/17/12, (C1) trophonemata with merocrine and apocrine secretions (40×); F. #267, (C2) trophonemata with
sinusoidal-like, capillaries in the ridges between acini with a thin overlying simple squamous epithelium (arrowhead)
(40×) (transverse sections, H&E); central axial vein (AV), smooth muscle (SM), lamina propria (LP).
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Figure 4.13. U. jamaicensis, late stage uterus (U5c). A. #140, (C1) trophonemata (TR) acini, (oil immersion, 60×); B.
#210, (C1) trophonemata acini (oil immersion, 60×) - The halo of basophilic cytoplasm surrounding the basal nuclei is
suggestive of elevated concentrations of ribosomes (free or associated with rough endoplasmic reticulum, RER),
implying the production of proteinaceous material, whereas the extensive clear and frothy supranuclear cytoplasm is
characteristic of lipid secretions; C. #140, (C1) basal crypt (BC) and mucosal ridge (MR) from active, left uterus (40×);
D. #267, (C2) basal crypt of inactive, right uterus (40×); E. #267, (C2) trophonemata from active left uterus with
aglandular stroma and distributing arteriole (asterisk) surrounding the peripheral artery (PA) (40×); F. #267, (C2)
aglandular trophonemata of inactive, right uterus with increased stromal tissues surrounding the pa (40×). (transverse
sections, H&E); blood vessel (BV), central axial vein (AV), smooth muscle (SM), lamina propria (LP), subjacent
vasculature (arrowhead), trophonematal secretory acini (arrows).
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Figure 4.14. U. jamaicensis, Near-Term stage (U5d) offspring. A. #175 in utero embryo; B. #155 removed
embryo (posterior view) with enlarged spiracular flaps (SF). Spiracular opening (arrow), trophonemata
(TR), left uterus (LU), reflected left ovary (OV).
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Figure 4.15. U. jamaicensis, near-term stage uterus (U5d). A. #141, (C1) active, right uterus, transverse section of the
thin distended uterine wall (4×); B. #141, (C1) complex basal crypts (BC), tangential plane of view through uterine wall
(4×); C. #247, (C2), active, left uterus (4×); D. #247, (C2), inactive, right uterus with expansive uterine wall (4×); E. #101,
(C1) trophonemata (TR), transverse section (10×); F. #246, (C2) trophonemata, transverse section (10×); (transverse
sections, H&E); peripheral arteries (PA), central axial vein (AV), myometrium (MM), smooth muscle (SM), inner circular
layer of muscularis (IC), outer longitudinal layer of muscularis (OL).
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Figure 4.16. U. jamaicensis, near-term stage uterus (U5d). Degenerative basal crypt (BC) with reduced glandular
structure in comparison with previous stages for A. #101 (C1) (40×) and B. #272 (C2) basal crypt (40×); C. #101 (C1)
trophonemata (TR) during transitional phase between U5c and U5d (40×); D. #272 (C2) trophonemata during
advanced condition with dilated, sinusoid-like capillaries (40×); E. #247 (C2) active, left uterus, sagittal section of
trophonema (40×); F. #247 (C2) transverse section of trophonema from inactive, right uterus (40×). Structure of right
uterine trophonemata (F) was essentially vascular with noticeably reduced primary vessels, whereas the left uterus
(E) remained considerably glandular with traits similar to U5c; (transverse sections, H&E); lamina propria (LP), smooth
muscle (SM), peripheral arteries (PA), central axial vein (AV), secretory acini (arrow); subjacent vasculature
(arrowhead).
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Figure 4.17. U. jamaicensis, Transmission Electron Microscopy (TEM) of near-term (U5d) trophonematal secretory
crypt. A. Tangential section of trophonematal secretory crypt, 6000×; B. Transverse section through secretory crypt,
tall columnar epithelium with “classic” protein secreting ultrastructure, profusely distributed mitochondria (MC),
abundant rough endoplasmic reticulum (RER), supranuclear Golgi complex (G), limited lipid inclusions (SV1), and
secretory vesicles (SV2), 3000×; C. Crypt epithelium with apical blebs (half circle) and secretory products in acinar
lumen, tight junctions (arrow), single intermediate junction (arrowhead), desmosome (circle), and microvilli, 6000×;
D. Crypt epithelium with more extensive secretory vesicles, microvilli, lateral intercellular space (LIS) dilated
marginally, 4000×. Nucleus (N); microvilli (MV);, endothelium (EN); lamina propria (double arrows); gland lumen
(asterisk); axial vein blood vessel (BV).
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Figure 4.18. Female U. jamaicensis, Transmission Electron Microscopy (TEM) of near-term (U5d) trophonematal ridge
epithelium and subjacent capillaries. A. Attenuated cuboidal epithelium (CE) of trophonematal ridge, 3000×; B.
Respiratory epithelium of the trophonematal ridge, consisting of a dilated sinusoid-like capillary with a continuous
endothelium (EN), overlying a thin simple squamous epithelium (SE) with scant intervening stromal tissues, 2000×; C.
Trophonematal ridge with simple cuboidal epithelium, 3000×; D. Respiratory membrane of trophonematal ridge,
10000×. nucleus (n); mitochondria (M); rough endoplasmic reticulum (RER); Golgi complex (G); electron lucent
secretory vesicle (SV1); electron dense secretory vesicle (SV2); microvilli (MV); lateral intercellular space (LIS); basal
intercellular space (BIS); red blood cell (RBC); white blood cell (WBC) [i.e., eosinophilic granulocyte]; lamina propria
(LP); basal lamina (double arrows); uterine lumen (asterisk); tight junctions (arrow); intermediate junction
(arrowhead); desmosome (circle); micropinocytotic vesicles (curved arrow); vacuolated transport vesicle (chevron);
sinusoid-like blood vessel (BV).
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Figure 4.19. Term stage embryo (U5e). A. #110 (August 2004) female offspring with complete dorsal pigmentation
and reduced spiracular flaps (SF), mostly resorbed with only a small nodule of unpigmented tissue surrounding the
medial margin of the spiracle; B. #146 (August 2005) male offspring with large spiral valve intestine (SpV), liver (L)
and stomach (S) are only slightly enlarged, whereas the SpV is considerably enlarged and the posterior segments
where remnant concretions were concentrated was stained dark green; C. Posterior-Anterior radiograph (SD1 X8)
illustrating SF development and varying levels of SpV concretions (asterisk) from a series of embryos (top row: 1.
middle (U5b), 2. early late (U5c), 3. advanced late (U5c); bottom row: 4. near-term (U5d) and 5. term (U5e) stages).
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Figure 4.20. U. jamaicensis, term stage uterus (U5e). Gravid (active) uteri with complex, but partially collapsed basal
crypts (BC) and highly vascular, aglandular trophonemata (TR). A. #146, (C1) active left uterus (4×); B. #146, (C1)
inactive, maturing right uterus (4×); C. #254, (C2) active left uterus (4×); D. #254, (C2) inactive, maturing right uterus
(4×); E. #164, (C2) (10×); F. #164, (C2) transversely sectioned trophonemata with glandular remnants (arrow) and
luminal cellular debris (circle) (10×); (transverse section, H&E), central axial vein (AV), peripheral arteries (PA),
myometrium (MM), smooth muscle (SM), inner circular layer of muscularis (IC), outer longitudinal layer of muscularis
(OL).
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Figure 4.21. U. jamaicensis, term stage uterus (U5e). A. #146, (C1) trophonemata (TR) and basal crypts (BC) from
active, left uterus with prominent uterine and trophonematal vasculature (10×); B. #151, (C1) degenerative uterine
mucosa (asterisk) (active, left uterus) with increased levels of tissue sloughing and cellular debris with detached
epithelial cells (EC), nucleated red blood cells (RBC), lymphocytes (LC), and eosinophilic granulocytes (EG) (40×); C.
#146, (C1) heavily vascularized peripheral artery (PA) of trophonemata and structurally reduced BC (40×); D. #146,
degenerative uterine mucosa and trophonemata with extensive cellular debris (40×); E. #146, (C1) parasagittal plane
of view of degenerative, aglandular trophonemata with remnants of secretory crypts (arrow) and extensive
subepithelial network of capillaries (arrowhead), embedded within a collapsed, simple cuboidal and simple squamous
epithelial layer (40×); F. #146, (C1) trophonemata from inactive, right uterus (never used, U2) with a flat pavement of
simple, low columnar epithelium, and drastically reduced basal crypts (40×) (transverse sections, H&E), central axial
vein (AV), lamina propria (LP), smooth muscle (SM).
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Figure 4.22. U. jamaicensis, uteri with unfertilized ova. A. #99 (C1) (28 May 2004) continued, marginal fluid production
of unfertilized “inactive”, right uterus (RU) with contralaterally active, left uterus (LU) during late stage (U5c)
development; B. #99 (C1) depleted uterine contents with deteriorating egg (arrow) and discolored histotroph
(asterisk) from RU, and U5c embryo with reduced external yolksac (EYS) and histotroph from active LU; C. #99 (C1)
closer view of deteriorating egg and well developed trophonemata (TR) of LU; D. #149 (C1) (07 August 2005) active
LU of nearly term-stage (U5d) with persistent condition of deteriorating egg eliminated from the RU; E. #231 (C2) (22
September 2006) earlier stage (i.e., more recently ovulated) with reduced levels of histotroph, and yolk broken apart
but less degenerative condition; F. #243 (C2) (21 October 2006) LU expanded with fluids and unfertilized egg.
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Figure 4.23. U. jamaicensis, uteri with unfertilized ova. A. #11/30/11 (C2), left “inactive” uterus with degenerative yolk
(DY) and tertiary egg envelope (EE) (4×); B. #11/30/11 (C2), closer view of degenerative yolk and egg envelope (10×);
C. #11/30/11 (C2), basal crypt (BC) with simple cuboidal epithelium and extensive subjacent capillary network
(arrowhead) and trophonemata (TR) with simple columnar epithelium and reduced vasculature (40×); D. #11/30/11
(C2), uterine mucosa with parasagittal view of trophonemata with disorganized, highly cellular stromal core, and an
extensive capillary network (40×); E-F. #231 (22 September 2006) (C2), trophonemata with primary vasculature
greatly reduced, and comprised of a mixture of cuboidal, columnar and squamous epithelia in various locations with
marginal glandular development (arrow); (40×); (transverse sections, H&E), degenerative yolk, central axial vein (AV),
peripheral arteries (PA), lamina propria (LP), smooth muscle (SM).
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Figure 4.24. U. jamaicensis, uteri with unfertilized ova. A. #231 (22 September 2006) (C2), close up of tertiary egg
envelope (EE) with remnants of unfertilized uterine ova, comprised of degenerative yolk (DY), red blood cells (RBC),
eosinophilic granulocytes (EG), and sloughed off endometrial cells (EC) (40×); B. #231 (C2), remnants of deteriorating
unfertilized egg (40×); (transverse sections, H&E).

Figure 4.25. Embryonic Growth of U. jamaicensis (Developmental Series). Descriptions on following page.
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Figure 4.25 (continued). Embryonic growth of U. jamaicensis (Developmental Series). A. Uterine ova (U4) with
blastocyst (arrow) and no grossly discernible embryo (ca. 0 mm); B. Initial, early stage (U5a) embryos (arrows) (ca. 10
mm TL) with large external yolksacs (EYS), expanded blastoderm (dashed semi-circle); C. Early stage (U5a) embryo
(ca. 20 mm TL) with external gill filaments (EGF); D. Advanced, early stage (U5a) embryos (ca. 30 mm TL) with enlarged
EGF and onset of pectoral fins (arrow); E. Advanced, early stage to initial, middle stage (U5a-b) embryos (ca. 45 mm
TL) with maximum sized EGF; F. Middle stage (U5b) embryo (ca. 60 mm TL) with fused pectoral fin and onset of
spiracular flap (SF) formation; G1. Advanced, middle stage (U5b) embryo (ca. 80 mm TL), ventral view and G2. Dorsal
view, with reduced EYS, transparent integument and remnants of EGF (arrowhead); H. Early, late stage (U5c) embryo
(ca. 105 mm TL) with enlarging SF and onset of dorsal pigmentation; I. Late stage (U5c) embryo (ca. 110 mm TL) with
larger SF and increased coloration; J. Advanced, late stage (U5c) embryo (ca. 115 mm TL) with maximum sized SF and
further increased coloration; K. Early, near-term (U5d) embryo (ca. 145 mm TL) with enlarged spiracular flaps and
nearly complete coloration; L. Near-term to term stage (U5d-e) embryo (ca. 145 mm TL) with reduced spiracular flaps
and complete coloration; M. Term stage (U5e) embryo/fetus (ca. 150 mm TL) with spiracular flaps essentially
reabsorbed; N. Field captured neonate (ca. 163 mm TL), collected on 26 March 2008 (ca. 1-2 months post parturition).
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Figure 4.26. Histology of External Gill Filaments (EGF) and External Yolksac (EYS). A. Early stage embryo (U5a) during
initial formation of EGF (4×); B. Detailed view of (A) demonstrating a single capillary loop (asterisk) with red blood cells
(RBC) present, distal expansion of capillary diameter, and thinning of stromal tissues, and progressive reduction of
EGF epithelium from simple cuboidal (upper left) to simple squamous (lower right) (40×); C. External yolk sac with
peripherally expanding trilaminar blastoderm and extensive yolk platelets (10×); D. Blastoderm – yolk syncytial layer
(40×). Trilaminar extraembryonic blastoderm composition, simple squamous ectoderm (arrow), simple squamous
vascular endothelium (open arrowhead), and simple cuboidal endoderm (arrowhead). The underlying yolk syncytial
layer (YSL) consisted of detached endodermal cells, embedded within the peripheral yolk mass, which abruptly
transitioned with the subjacent yolk mass (dashed line); (transverse sections, H&E).
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8.1.5 Chapter 5

Figure 5.1. Upper reproductive tract of female U. jamaicensis; A. Paired ostia with left and right individual ostial
apertures (double arrow) that are connected by a strip of collagenous tissue that extends ventromedially around the
esophagus (asterisk), the right anterior oviduct (AO) and gravid left uterus (LU) are visible; B. Abrupt transitions occur
between the AO and the oviducal gland (OG) and more extensively between the OG and uterus. The OG (dashed line)
is visibly partitioned into anterior and posterior zones and noticeably smaller than the mature but inactive, right uterus
(RU).

Figure 5.2. Microanatomy of the anterior oviduct of U. jamaicensis; A. Luminal fold consists of a tall ciliated, simple
columnar epithelium with an intermittent secondary population of metachromatic secretory cells (SC) in the luminal
ridges; cilia (arrowhead); basement membrane (BM); basal body (curved arrow); B. Secretory crypt between mucosal
folds in basal portions of the surface epithelium with aggregations of metachromatic secretory cells, secretory crypt
(double arrow); (A-B, plastic sections, methylene blue-basic fuchsin, (longitudinal sections, 40×); C. Transverse view
of secretory crypt, H&E (longitudinal section, 40×); D. Medial segment of longitudinal fold with secondary acini
(asterisk), elongated basal cell (arrow) and intraepithelial lymphocyte (circle), H&E (transverse section, 40×).
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Figure 5.3. Anterior oviduct of U. jamaicensis (continued from previous pages), A. Immature, U1 (C1); B. Maturing, U2
(C2); C. Pre-ovulatory, U3 (C1); D. U3 (C2), E. Post-ovulatory, U4 (C1); F. U4 (C2); G. Early stage gestation, U5a (C1); H.
U5a (C2); I. Middle stage gestation, U5b (C1), J. U5b (C2); K. Late stage gestation, U5c (C1); L. U5c (C2); M. Near-term
stage gestation, U5d (C1); N. U5d (C2); O. Term stage gestation, U5e (C1); P. U5e (C2); Q. Post-partum (U6); R.
Unfertilized condition (C2); basal acini (arrowhead) note increased secretory material (arrow) during U5c (L-K); (H&E,
transverse sections, 4×).

Figure 5.4. Distal segment of the anterior oviduct of U. jamaicensis, A. Obliquely transverse luminal folds (asterisk)
situated anterior to the transition with the oviducal gland junction; B. Longitudinal folds (arrow) proximal to the abrupt
re-orientation of transverse folds seen in A (A-B, represent a continuous section, from right to left, of a late stage (U5c)
female) (H&E, longitudinal section, 4×), C. Post-ovulatory (U4, C1) anterior oviduct with elongated transverse ridges,
D. Late stage (U5c, C2) (H&E, transverse section, 4×).
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Figure 5.5. Distal segment of the anterior oviduct
of U. jamaicensis. Near-term (U5d) female with
a highly cellular lamina propria (LP) that extends
into and forms the stromal core (asterisks) of
primary and secondary mucosal folds with basal
acini (arrowheads) and prominent blood vessels
(BV). (H&E, transverse section, 10×).

Figure 5.6. Anterior oviduct of U. jamaicensis, surrounding stromal tissues with a highly vascularized
(asterisks) lamina propria (LP), muscularis (ML) and tunica adventitia (TA). The thicker inner circular (IC) and
thinner outer longitudinal (OL) layers of the muscularis were composed of irregular bands of smooth muscle
that were interspersed among collagen fibers; basal acini (arrowhead) can be seen at the top of image (H&E,
transverse section, 10×).
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Figure 5.7. Microanatomy of the anterior oviduct-oviducal gland junction. A. Enlarged lumen of immature oviduct with
elongated luminal folds of the anterior oviduct (AO) and developing secretory tubules of the oviducal gland (OG) (4×);
B. Abrupt expansion (asterisk) of the AO at the OG junction in a mature specimen (4×); C. The AO was juxtaposed with
the proximal face of the OG and appeared to form a modified club zone-equivalent (CZE) (4×); D. Simple ciliated
columnar epithelium with interspersed secretory cells (40×); (H&E, sagittal sections).

Figure 5.8. Oviducal gland (OG) of U. jamaicensis. Developmental stages with OG outlined (dashed lines) in A-D, A.
Immature (U1) with little expansion; B. Immature (U1/2) slightly bulged; C. Maturing (U2) with noticeable
differentiation; D. Maturing (U2/3), differentiated with no apparent zonation; E. Mature, post-ovulatory (U4) OG with
clear anteroposterior zonation. Internal profile with F. Mid-sagittal view of OG from the anterior oviduct (AO) to the
uterus (UT), G. Longitudinal view of the ventral ridge surface (bottom); (inset) closer view of ridge surface with
interconnected grooves and glandular recesses.
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Figure 5.9. Membranous egg capsule (tertiary egg envelope) produced by the oviducal gland of U. jamaicensis. A.
Ruptured, cellophane-like egg capsule retrieved from an active uterus with intrauterine ova; B. Intact egg capsule
discovered within the inactive, mature right uterus of a gravid female (left uterus active).

Figure 5.10. The Microanatomy of U. jamaicensis oviducal gland (OG). A. Short anterior (mucous) zone (AZ) and
extensive posterior (serous) zone (PZ) with eosinophilic secretory granules (4×); B. Discrete ridges with numerous
glandular openings (10×); C. Transitional region between anterior and posterior zones of OG (10×); D. Transitional
secretory tubule (asterisk) with mucous and serous secretory granules forming a mixed gland (40×) (H&E, sagittal
sections).
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Figure 5.11. Microanatomy of U. jamaicensis oviducal gland (OG). Simple, ciliated columnar epithelium with two cell
populations consisting of secretory cells (SC) with basal nuclei and interspersed ciliated cells (CC) with medially
positioned nuclei. Adluminal secretory tubule and excretory duct of A. Anterior zone, and B. Posterior zone.
Peripheral segment of secretory tubules with transversely and longitudinally oriented sections of the C. anterior zone,
and D. Posterior zone; note B and D with secretory activity and eosinophilic material (asterisk) located in the lumina
of secretory tubules. E. Surface epithelium of recessed secondary lumina with branching tubules; F. Recessed cleft of
the terminal zone (H&E, sagittal sections, 40×).
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Figure 5.12. Dilated peripheral recesses of U. jamaicensis OG secretory tubules. A. Simple, ciliated cuboidal epithelium;
B. Rapid transition (asterisk) from simple cuboidal to columnar mucoidal secretory cells of anterior zone (10×); C.
Concentric secretory mass (SM) with mixed eosinophilic and mucous secretions (40×); D. Clusters of eosinophilic
secretory material with a rapid transition to columnar cells of mixed secretory tubule (4×); E. Large eosinophilic
secretory granules (arrowhead) of posterior zone (40×); F. Distal region of posterior zone with “washed-out”
peripheral tubules and an isolated recess (arrow) with a simple cuboidal epithelium (4×) (H&E, sagittal sections).
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Figure 5.13. Secretory tubules of U. jamaicensis oviducal gland (OG). A. Light staining granules characteristic of the
mucous secretory tubules of the anterior zone; B. Luminal segment of posterior zone with enlarged eosinophilic
granules; C. Medial segment of posterior zone with eosinophilic granules and numerous bundles of elongated, rodshaped inclusions (arrow); D. Peripheral segment of posterior zone with washed-out appearance of cells and reduced
levels of secretory granules and bundles; E. Distal, posterior zone with increased levels of rod-shaped inclusions; F.
Transversely sectioned region of E (H&E, sagittal sections, 40×).
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Figure 5.14. Microanatomy of U. jamaicensis oviducal gland (OG). Developmental profiles of A. Immature (U1) (10×),
B. Maturing (U2) (10×), and C. Mature (U3-6) (4×) specimens from the anterior oviduct (AO) to the uterus (UT).
Staining characteristics were used to distinguish patterns of zonation of the OG for the club zone-equivalent (CZE),
papillary zone-equivalent (PZE), baffle zone-equivalent (BZE), and terminal zone-equivalent (TZE), that transitioned
with a pseudo-isthmus (PI) surrounded by a smooth muscle sphincter (SM). In mature specimens (C) the CZE and PZE
of the anterior OG were combined to form a club-papillary zone-equivalent (CPZE); (H&E, sagittal sections).
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Figure 5.15. Terminal zone equivalent of U. jamaicensis oviducal gland A. Rapid transition between the secretory tubule
of baffle zone equivalent (BZE) and terminal zone equivalent (TZE) (4×); B. (inset of A) simple columnar epithelia with
uniform BZE secretory tubules (left) and an unorganized, highly ciliated columnar epithelium of the TZE (right) (40×);
C. Complex, dilated recesses (asterisks) of the TZE and pseudo-isthmic (PI) region (4×); D. Interconnectivity of BZE
distal tubules (10×) (H&E, sagittal sections).

Figure 5.16. Secretory activity of the oviducal gland baffle zone equivalent (BZE), A. Abundant eosinophilic secretions
(arrows) within the lumina of transversely-oriented BZE secretory tubules (4×), B. Closer view of A with reduced
intracellular, secretory granules, increased luminal secretions and continued presence of rod-like secretory inclusions
(arrowheads) (40×) (H&E, sagittal sections).
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Figure 5.17. Pseudo-Isthmus (PI) of U. jamaicensis utero-oviducal junction. A. PI (4×); B. Epithelium of PI (40×); C.
Cervix-like aperture, that is continuous with the uterus (UT) and surrounded by an extensive smooth muscle sphincter
(SM) (10×); D. Secretory material from the baffle zone-equivalent (BZE) transiting the PI lumen (10×); E. Lumen of PI
embedded within the sphincter and surrounded by the apical region of the UT (4×); F. (10×) (H&E, sagittal sections, AD; transverse sections, E-F).
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Figure 5.18. Sperm distribution in the lower reproductive tract of female U. jamaicensis. A. Sperm mass (arrow)
recently deposited into the cloaca (arrowhead) and common vaginal chamber of a pre-ovulatory (U3) Female (#277,
March 2009); B. Luminal sperm mass of densely unorganized, individual sperm within the vaginal chamber (10×); C-D.
Highly organized, dense linear arrays of sperm (asterisk) embedded within the stratified squamous epithelium of the
vaginal chamber (4×); E. Densely aggregated sperm (40×); F. Mucous gland (MG) of vaginal chamber (40×) (H&E,
transverse sections).
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Figure 5.19. Sperm distribution in the pre-ovulatory uterus of U. jamaicensis. A. Degradative sperm (arrow) between
trophonemata (TR) and interacting with eosinophilic granulocytes within the uterine lumen (40×); B. (10×), inset (40×);
C. Clusters of linear sperm aggregates closely associated with the basal crypt epithelium (4×); D-E1/E2. (Inset) closer
view of C (40×); F. Basal crypt of the anterior uterus with an individual sperm adjacent to the utero-oviducal junction
(40×) (H&E, transverse sections).
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Figure 5.20. Distribution of sperm in the oviducal gland of U. jamaicensis. A. Pseudo-Isthmus (PI) of pre-ovulatory
female (U3); B. (Inset) closer view of A with a cluster of scattered sperm (arrow) in one of the radially extended
recesses (40×); C. Tubules of the Terminal Zone-Equivalent (TZE) with a cluster of aggregated sperm and adjacent
secretory tubules of Baffle Zone-Equivalent (BZE); D. (Inset) closer view of C (40×); E. Tubules of the TZE with scattered
individual sperm and adjacent secretory tubules of the BZE; F. (Inset) closer view of E (40×) (H&E, sagittal sections).
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Figure 5.21. Sperm distribution in the oviducal gland of U. jamaicensis. A. Adluminal segment of the Baffle Zone
Equivalent (BZE) with small linear sperm aggregate (arrow); B. Medial segment of BZE; C. Peripheral segment of BZE
with individual sperm and rod-like inclusions (arrowhead); D. Anterior Zone of OG with light staining secretory
droplets; E. Individual sperm in main OG lumen, adjacent to excretory duct of BZE secretory tubule with eosinophilic
secretions (circle); F. Scattered individual sperm in secondary lumen formed between two mounding ridges of BZE
(H&E, sagittal sections, 40×).
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Figure 5.22. Sperm deposition in the oviducal gland of an immature U. jamaicensis. An individual sperm (arrow) was
recorded from the anterior oviducal gland (OG) adjacent to the ridge epithelium and just distal to the junction with
the anterior oviduct (AO) (H&E, sagittal section, 10×, inset 40×).

Figure 5.23. Distribution of sperm in the anterior oviduct (AO) of U. jamaicensis. Sparse, individual sperm (arrow)
typically occurred in the peripheral regions of the AO and most commonly within the basal acini, as illustrated here
(H&E, transverse section, 40×).
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8.2 Tables
8.2.1 Chapter 1
Table 1.1. Summary of reproductive studies on myliobatiform rays. The reproductive cycle of species highlighted in grey had sufficient data to characterize the reproductive cycle
with associated references highlighted in bold).
Species

Cycle

Gestation Length

Fecundity

Reference

Urolophidae
Urolophus bucculentus

Biennial

15-19 mos.

4-5

Urolophus cruciatus

Biennial (?)

4-6 mos.

3-4

Urolophus expansus

Annual (?)

(?)

1-4

Trinnie, 2003; Trinnie et al., 2012
Trinnie, 2003; Treloar & Laurenson, 2005; Trinnie et
al., 2016
Trinnie, 2003; Treloar & Laurenson, 2005

Urolophus gigas

Biennial (?)

16 mos.

2-13

Dagley, 2009

Annual

10-12 mos.

?

Urolophus paucimaculatus

Annual; Biennial (?)

11 mos.;

1-2; 1-6

Urolophus viridis

Annual; Aseasonal

10-12 mos.

1-3

White et al., 2001
Edwards, 1980; Trinnie, 2003; White & Potter, 2005;
Trinnie et al., 2005, 2014
Trinnie et al., 2015

(?)

(?)

Trinnie, 2003

10-12 mos.

1-7

Trinnie, 2003; Trinnie et al., 2009

Trygonoptera mucosa

Annual (?)
Annual (diapause ca. 5-8
mos.?)
Annual (diapause ca. 5 mos.?)

10-11 mos.

1-2

White et al., 2002

Trygonoptera personata

Annual (diapause ca. 5 mos.?)

10-11 mos.

1-2

White et al., 2002

(?)

(?)

1-2

van den Broek et al., 2011

Annual

3 mos.; 4 mos.

1-6

Urobatis jamaicensis

Biannual

5-6 mos.

1-7

Urotrygon aspidura

(?)

(?)

1-4

Babel, 1967; Mull et al., 2008, 2010; Jirik & Lowe,
2012
LaMarca, 1961, Yañez-Arancibia & Amezcua-Linares,
1979; Fahy et al., 2007, current study
Mejía-Falla & Navia, 2008

Annual

4-5 mos.

1-4

Almeida et al., 2000; Santander‐Neto et al., 2016

Urotrygon mundus

(?)

(?)

(?)

Perez Flores, 2002

Urotrygon nana

(?)

(?)

1-4

Perez Flores, 2002; Guzmán Castellanos, 2006

"Triannual"

4-5 mos.

1-3

Mejía-Falla et al., 2012

Urolophus lobatus

Trygonoptera galba
Trygonoptera imitata

Trygonoptera testacea
Urotrygonidae

5
2
0

Urobatis halleri

Urotrygon microphthalmum

Urotrygon rogersi
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Annual, Aseasonal biannual
(?)

(?)

1-6

Tellez et al., 2006; Grijalba-Bendeck et al., 2008;
Acevedo et al., 2015

Dasyatis americana

Annual/Biannual*

4.5-7.5 mos.

2-10

Henningsen, 2000*; Ramírez-Mosqueda et al., 2012

Dasyatis centroura

annual
Annual, Biannual (?),
Triannual (?)
Annual, Biannual (?)

9-11 mos.

1-5

3 mos.; 5 mos.; or 9 mos.

1-7; 2-4

ca. 3 mos.; 5 mos.

1-6; 1-2

Struhsaker, 1969; Capapé, 1993a
Valadou et al., 2006b; Ebert & Cowley, 2009; Capapé
& Zaouali, 1995b
Thorson, 1983; Yokota & Lessa, 2006, 2007

Dasyatis longa

Annual

9-11 mos.

1-3

Villavicencio-Garayzar et al., 2004

Dasyatis pastinaca

Annual

(?)

(?)

Ismen, 2003

Dasyatis marianae

Biannual (?)

5-6 mos.

(?)

Annual

3.5-4.5 mos.

1-4; 1-4

Annual (ca. 9 mos. diapause)

11 mos.

1-6

Yokota & Lessa, 2007
Lewis, 1982; Snelson et al., 1988; Maruska et al.,
1996; Johnson & Snelson, 1996; Snelson et al., 1997
Snelson et al., 1989; Morris, 1999

Annual

(?)

1-2

Devadoss, 1998; White & Dhamardi, 2007

(?)

Jacobsen & Bennett, 2011

Urotrygon venezuelae
Dasyatidae***

Dasyatis chrysonatab
Dasyatis guttata

Dasyatis sabina
Dasyatis say
Dasyatis zugei
Himantura astra

(?)

(?)

(?) Aseasonal

(?)

Annual, Aseasonal Biannual(?)

(?)

1-2

Devadoss, 1978; Raje, 2007

Himantura jenkinsii

Annual

10-12 mos.

1-2

Devadoss, 1998

Himantura uarnek

Aseasonal (?)

(?)

(?)

Raje, 2003

Annual

(?)

(?)

White & Dhamardi, 2007

(?)

(?)

(?)

Annual

4 mos.

1-3

(?)

(?)

(?)

Jacobsen & Bennett, 2010
White & Dhamardi, 2007; Pierce et al., 2009; Jansi &
Schrama, 2010*; Jacobsen & Bennett, 2010
Jacobsen & Bennett, 2010

Aseasonal (?)

(?)

1-2

Annual, Aseasonal Biannual*

2 mos.; 4 mos.

(?)

Annual

8 (?)

Annual, Biannual*, Triannual*

(?)

Himantura bleekeri
Himantura imbricata

Himantura walgi
Neotrygon annotata
Neotrygon kuhlii*
Neotrygon picta
Pastinachus sephen
Pteroplatytrygon violacea

Raje, 2006, 2007

Devadoss, 1998; Raje, 2003
Ranzi & Zezza, 1936; Mollet et al., 2002*; Hemida et
al., 2003; Veras et al., 2006

Potamotrygonidae
Plesiotrygon iwamae
Potamotrygon circularis

Charvet-Almeida et al., 2005
(?)

Thorson et al., 1983*
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Potamotrygon cf. hystrix
Potamotrygon falkneri
Potamotrygon magdalenae

Annual, Biannual

3

(?)

Araújo, 1998; Araújo et al., 2004

Annual

(?)

(?)

Neto, 2010

Aseasonal Annual (?)

4-5 mos.

3-5

Ramos-Socha & Grijalba-Bendeck, 2011

Potamotrygon motoro

Annual, Biannual*, Triannual*

6

(?)

Thorson et al., 1983*; Neto, 2010

Potamotrygon orbignyi

Annual

6 (?)

(?)

Lasso et al., 1996; Charvet-Almeida et al., 2005

Potamotrygon schroederi

Annual

6 (?)

Potamotrygon scobina

Charvet-Almeida et al., 2005

Annual

?

(?)

Almeida et al., 2005**

Biennial (?)

9 (?)

(?)

Lasso et al., 1996; Charvet-Almeida et al., 2005

Annual, Biennial

9-11; 11-12 mos.; 13 mos.

1

Annual

(?)

(?)

Gymnura altavelad

Annual

4-9 mos.; 5-8 mos.

2-6

Gymnura micrura

Aseasonal Annual (?)

(?)

(?)

Gymnura poecilura

Aseasonal Annual (?)

(?)

1-7

Daiber & Booth, 1960; Capapé et al., 1992d
Daiber & Booth, 1960; Raje, 2003; Yokota & Lessa,
2006, 2007; Yokota et al., 2012
James, 1966; Devadoss, 1998

Gymnura australis

Annual (?)

(?)

1-5

Jacobsen et al., 2009

Annual

9-12 mos.

Biennial (?)

11-12 mos.

8-12

Annual

11 mos.

1-2; 1-6

Annual (?)

(?)

(?)

Uchida et al., 1990*; Schluessel et al., 2010e

Annual

(?)

(?)

Devadoss, 1982

Aetomylaeus nichofii

Annual (?)

4-8 mos.

1-3

Devadoss, 1998

Pteromylaeus bovinus

Annual

5-6 mos.

3-4

Seck et al., 2002

Annual, Biennial, Triennial

12+ mos.

1-2

Marshall & Bennett, 2010; Deakos, 2012

Paratrygon aiereba
Rhinopteridae
Rhinoptera bonasus
Rhinoptera steindachneri

Smith & Merriner, 1986; Neer & Thompson, 2005;
Baldassin et al., 2008*,a; Pérez-Jiménez, 2011; Fisher
et al., 2013; Poulakis, 2013
Bizzarro et al., 2007

Gymnuridae

Myliobatidae
Myliobatis californica
Myliobatis aquila
Aetobatus narinari
Aetobatus ocellatuse
Aetomylaeus maculatus

Martin & Cailliet, 1988; Villavicencio Garayzar, 1996
Capapé et al., 2007
Devadoss, 1998b; Cuevas-Zimbron et al., 2011;
Tagliafico et al., 2012

Mobulidae
Manta alfredi
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Platyrhindae
Platyrhina sinensisf

Annual (diapause?)

ca. 12 mos.

1-12

Yamaguchi & Kume, 2009

* (study on captive population)
** (abstract only)
*** (Family taxonomic classification revised; Last et al., 2016)
a. previous reports of Eastern Atlantic D. centroura represent either Bathytoshia brevicaudata or B. lata, (Last et al., 2016)
b. species complex [uncertain], Dasyatis chrysonata marmorata
c. possibly R. brasiliensis
d. Gymnura altavela, reported as Gymnura micrura
e. Aetobatus ocellatus (formerly synonymous Aetobatus narinari)
f included in Myliobatiformes (McEachran et al., 1996; McEachran & Aschliman, 2004)
sufficient reproductive data
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8.2.2 Chapter 2
Table 2.1. Maturity Indices for Male and Female U. jamaicensis. Stages are based upon morphology of reproductive
organs from macroscopic observations; maturity status required functional designation of combined gonadal and
extragonadal tract organs (see text).

Stage

Immature

Maturing

Mature

Male

Female

testes – undeveloped, epididymis – simple,
ductus deferens - thin straight line; seminal
vesicle – thin and straight; claspers – small,
flexible and uncalcified

ovary – thin, dominated by epigonal tissue
with clear/opaque follicles < 3 mm; oviducal
gland – undifferentiated; uterus – thin and
flaccid

testes – developing lobules (partially lobular);
epididymis – partially segmented; ductus
deferens – thickening and partially coiled;
seminal vesicle – enlarged and "folding";
claspers – elongated and partially calcified

ovary – partially developed; follicles 3-4 mm
(vitellogenesis may have initiated); oviducal
gland – differentiated, thin, lacks zonation;
uterus – tubular structure, partially
expanded, trophonemata undeveloped

testes – enlarged with prominent lobules
present; epididymis – complex and
segmented; ductus deferens – thickened and
highly coiled; seminal vesicle – fully
developed and S-shaped; claspers – fully
calcified and rigid (~40 mm or greater in
length), expand distally

ovary – fully developed with vitellogenic
follicles > 4mm; oviducal gland – enlarged,
bell-shaped structure with distinct zonation;
uterus – uniformly enlarged tubular
structure, may be distended from recent
parturition or actively gravid (ova or
embryos), trophonemata developed and
highly vascularized
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Table 2.2. Female U. jamaicensis, Uterine Index; U1 (immature), U2 (maturing), U3-6 (mature); U5 (gestating
females) delineated further by stage of embryonic development (U5a-e).

Uterine Index

Description

U1

Immature, uniformly thin and flaccid, tubular structure (Figure 3.65A-B)

U2

Maturing, thin tubular structure, partly enlarged posteriorly (left side may
mature first) (Figure 3.65C-D)

U3

Pre-ovulatory, uniformly enlarged tubular structure (Figure 3.65D-E)

U4

Post-ovulatory, in utero ova present, embryos are not macroscopically visible
(Figure 3.65F-I)

U5

Gestating, in utero embryos of varying stages present

U6

a.

Early: < 50 mm TL, EYS large with yolk, EGF developing to fully developed, little
to no coloration (Figure 3.65I-J)

b.

Middle: 50 – 99.9 mm TL, fully formed, EYS partially depleted, EGF developed or
regressing, coloration forming (Figure 3.65K)

c.

Late: 100 – 129.9 mm TL, EYS remnant or absent, EGF absent, incomplete
coloration, enlarged spiracular flaps (Figure 3.65L)

d.

Near term: > 130 mm TL, coloration near complete, spiracular flaps slightly
reduced (Figure 3.65M)

e.

Term: > 130 mm TL, coloration complete, spiracular flaps reduced or fully
reabsorbed (Figure 3.65N-O)
Post-partum, enlarged tubular structure, distended and firm (may be difficult to
separate from U3) (Figure 3.65P-R)

Table 2.3. Urobatis jamaicensis size class designation. Size classes were arbitrarily assigned for ranges of disk width
(DW) at 25 mm intervals for all stingrays 100 mm DW or larger.

Size class
1
2
3
4
5
6
7

DW mm
75-99.9
100-124.9
125-149.9
150-174.9
175-199.9
200-224.9
225-250+
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Table 2.4. U. jamaicensis, Stages of Spermatogenesis, zonation is listed from proximally to distally with increasing development of spermatocysts (modified from Maruska et al.,
1996, Hamlett, 1999, Mull et al., 2010; Zaiden et al., 2011).

Zone

Stage

Description

0

Germinal Papilla (GP): consisted of a rounded protuberance on the central dorsal surface of each testicular
lobule; containing individual germ cells with large euchromatic nuclei and smaller, pre-cursor Sertoli cells
with heterochromatic crescent-shaped nuclei.

I

Germinal Zone (GZ): (includes the GP) primordial spermatocysts, formed by the association of a single
germ cell (primary spermatogonia) with a single pre-Sertoli cell (not bounded by a basement membrane).

IIa

Early Spermatocysts: definitive spermatocyst; consisting of smaller-sized secondary spermatogonia (SG2)
and functionally differentiated Sertoli cells, with an expanding lumen and enclosed within a basement
membrane. Spermatocysts initially formed a single unorganized layer of cells, followed by two concentric
layers characterized by adluminal Sertoli cell nuclei and peripheral SG2; mitotic divisions gradually formed
1 to 4 rows of cells and the onset of Sertoli cell nuclei peripheral migration was observed.

IIb

Advanced Early Spermatocysts: characterized by the presence of up to eight rows of secondary
spermatogonia that eventually occluded the spermatocyst lumen; the peripheral migration of Sertoli cell
nuclei continued to a position just internal to the basement membrane. Completion of pre-meiotic
development was characterized by the differentiation of SG2 into larger-sized primary spermatocytes
(SC1).

Germinal Zone

Pre-Meiotic
Zone

5
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IIIa

Primary Spermatocytes (SC1): spermatocysts contain large SC1 with condensed chromatin in the
periphery of the large round nuclei and round Sertoli cells with euchromatic nuclei that have completed
the peripheral migration and are situated just internal to the basement membrane.

IIIb

Secondary Spermatocytes (SC2): spermatocysts contain SC2 with round nuclei that were roughly half the
size of SC1 with prominently condensed chromatin that stained more intensely basophilic.

IV

Spermatids: spermatocysts consisted of smaller nuclei that were roughly half the size of SC2, round and
completely heterochromatic, with spermatoblasts becoming recognizable as spermatids gradually formed
into organized clusters. The reappearance of spermatocyst lumina coincided with the formation of
acidophilic tails and the onset of spermatid elongation with nuclei elliptical or teardrop-shaped in
appearance.

V

Early Spermiogenesis: spermatid nuclei continued to elongate and spermatocyst lumina expanded; tails
of immature spermatozoa were extended into the lumen and heads were embedded in Sertoli cells,
oriented towards nuclei; clusters were linearly arranged but not tightly packed or aggregated with tails
only partially coiled.

VI

Late Spermiogenesis: definitive, spiral-shaped spermatozoa arranged in dense linear aggregates with
elongated and darkly stained, heterochromatic nuclei and long, acidophilic tails. Spiraling and tightly
packed heads of spermatozoa were embedded into Sertoli cells that remained oriented towards nuclei
with coiled tails extended towards and into the expanded lumina.

Meiotic Zone

Post-Meiotic
Zone
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Terminal Zone
(TZ)

Degenerative
Zone (DZ)

VIIa

Post-Spermiation Spermatocyst: completion of spermatogenesis and disassociation of spermatoblasts
within the peripheral border between maturing spermatocysts and epigonal tissue; followed by the
rupture of spermatocysts and evacuation of spermatozoa. The remaining spermatocyst elements
subsequently collapse and eventually display a secondary differentiation with hypertrophy of Sertoli cell
remnants.

VIIb

Pre-Meiotic Degenerative Spermatocyst: partial apoptosis and degeneration of SIIb spermatocysts that
failed to develop and formed cords of degenerative spermatocysts. Columns of DZ cords eventually
underwent secondary differentiation of Sertoli cells and merged with the peripheral TZ. Both SVIIa and
SVIIb formed integral segments of both the emerging intratesticular ducts and collecting ducts.
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8.2.3 Chapter 3
Table 3.1. Male U. jamaicensis ANOVA (Tukey HSD, modified unequal n), monthly analysis of Gonadosomatic Index (GSI); significance designated at P < 0.05, highlighted values
(BOLD) represent months that were significantly different from each other; (ANOVA: F11, 57 = 27.73, MSE = 0.452, P < 0.005, n = 69), mean square error (MSE).
GSI

Jan

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

0.109735

0.000120

0.000120

0.000120

0.000120

0.000136

0.000120

0.000120

0.000120

0.103580

0.179641

0.001207

0.000120

0.000120

0.000131

0.239488

0.000120

0.000120

0.000122

0.999975

1.000000

0.013882

0.005279

0.644166

0.964572

0.113064

0.002241

0.588107

0.136609

0.002251

1.000000

0.918253

0.001783

0.999208

0.999995

0.809718

0.000150

0.000120

0.794887

0.000754

0.990099

1.000000

0.623919

0.000131

0.000120

0.141487

0.999800

0.645782

1.000000

0.004250

0.000144

0.013859

0.000401

0.109002

0.872716

0.265377

0.957071

0.998208

0.000412

0.000120

0.449043

0.000124

0.000120

0.002736

0.000126

Feb

0.109735

Mar

0.000120

0.001207

Apr

0.000120

0.000120

0.013882

May

0.000120

0.000120

0.005279

1.000000

Jun

0.000120

0.000131

0.644166

0.918253

0.794887

Jul

0.000136

0.239488

0.964572

0.001783

0.000754

0.141487

Aug

0.000120

0.000120

0.113064

0.999208

0.990099

0.999800

0.013859

Sep

0.000120

0.000120

0.002241

0.999995

1.000000

0.645782

0.000401

0.957071

Oct

0.000120

0.000122

0.588107

0.809718

0.623919

1.000000

0.109002

0.998208

0.449043

Nov

0.103580

0.999975

0.136609

0.000150

0.000131

0.004250

0.872716

0.000412

0.000124

0.002736

Dec

0.179641

1.000000

0.002251

0.000120

0.000120

0.000144

0.265377

0.000120

0.000120

0.000126

0.999957
0.999957
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Table 3.2. Male U. jamaicensis ANOVA (Tukey HSD, modified unequal n), monthly analysis of Hepatosomatic Index (HSI); significance designated at P < 0.05, highlighted values
(BOLD) represent months that were significantly different from each other; (ANOVA: F11,57 = 21.18, MSE = 0.461, P < 0.005, n = 69); mean square error (MSE).
HSI

Jan

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

0.538055

0.036407

0.999657

0.994601

1.000000

0.393704

0.000747

0.078157

0.000120

0.052133

1.000000

0.996067

0.983395

0.998107

0.706935

0.002116

0.000120

0.000238

0.000120

0.000492

0.511245

0.567116

0.752220

0.160531

0.000185

0.000120

0.000122

0.000120

0.000140

0.081956

1.000000

0.999832

0.076431

0.000276

0.008505

0.000120

0.009045

0.996336

0.996608

0.036720

0.000171

0.003584

0.000120

0.004641

0.974421

0.359145

0.002304

0.067788

0.000124

0.046423

1.000000

0.724492

0.999692

0.030047

0.935394

0.547762

0.989911

0.808661

1.000000

0.005670

0.203984

0.999049

0.135726

0.977450

0.000133

Feb

0.538055

Mar

0.036407

0.996067

Apr

0.999657

0.983395

0.567116

May

0.994601

0.998107

0.752220

1.000000

Jun

1.000000

0.706935

0.160531

0.999832

0.996608

Jul

0.393704

0.002116

0.000185

0.076431

0.036720

0.359145

Aug

0.000747

0.000120

0.000120

0.000276

0.000171

0.002304

0.724492

Sep

0.078157

0.000238

0.000122

0.008505

0.003584

0.067788

0.999692

0.989911

Oct

0.000120

0.000120

0.000120

0.000120

0.000120

0.000124

0.030047

0.808661

0.203984

Nov

0.052133

0.000492

0.000140

0.009045

0.004641

0.046423

0.935394

1.000000

0.999049

0.977450

Dec

1.000000

0.511245

0.081956

0.996336

0.974421

1.000000

0.547762

0.005670

0.135726

0.000133

0.082466
0.082466
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Table 3.3. Male U. jamaicensis ANOVA (Tukey HSD, modified unequal n), monthly analysis of Relative Seminal Vesicle Diameter (SVDrel); significance designated at P < 0.05,
highlighted values (BOLD) represent months that were significantly different from each other; (ANOVA: F11, 56 = 3.68, MSE = 0.162, P < 0.005, n = 68), mean square error (MSE).
SVDrel

Jan

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

0.999996

1.000000

0.758164

0.861530

0.090251

1.000000

0.905917

0.588748

0.416445

0.793224

0.234140

1.000000

0.490659

0.619253

0.035521

0.999932

0.669120

0.333145

0.198400

0.564933

0.103832

0.571077

0.708290

0.036713

1.000000

0.755995

0.390660

0.221667

0.653816

0.116257

1.000000

0.988120

0.917960

0.999999

1.000000

1.000000

1.000000

0.999703

0.965362

0.964006

1.000000

0.999999

0.999997

1.000000

0.997948

0.234154

0.849939

0.998287

0.997761

0.999580

1.000000

0.983507

0.814108

0.700808

0.916132

0.463218

0.999897

0.999540

0.999978

0.977317

1.000000

1.000000

0.999992

1.000000

0.999993

Feb

0.999996

Mar

1.000000

1.000000

Apr

0.758164

0.490659

0.571077

May

0.861530

0.619253

0.708290

1.000000

Jun

0.090251

0.035521

0.036713

0.988120

0.965362

Jul

1.000000

0.999932

1.000000

0.917960

0.964006

0.234154

Aug

0.905917

0.669120

0.755995

0.999999

1.000000

0.849939

0.983507

Sep

0.588748

0.333145

0.390660

1.000000

0.999999

0.998287

0.814108

0.999897

Oct

0.416445

0.198400

0.221667

1.000000

0.999997

0.997761

0.700808

0.999540

1.000000

Nov

0.793224

0.564933

0.653816

1.000000

1.000000

0.999580

0.916132

0.999978

1.000000

1.000000

Dec

0.234140

0.103832

0.116257

0.999703

0.997948

1.000000

0.463218

0.977317

0.999992

0.999993

0.999998
0.999998
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A.

Table 3.4. Female U. jamaicensis, ANOVA monthly comparisons and descriptive statistics; A. Gonadosomatic Index
(GSI), B. Hepatosomatic Index (HSI), and C. Largest Follicle Diameter (LFD) for combined cycle (CC) observations (Total),
reproductively active (RA) females for combined cycles (CC), Cycle 1 (C1), and Cycle 2 (C2), and non-reproductively
active (NR) females; mean square error (MSE) and significance designated at P < 0.05.

GSI
CC (Total)
CC (RA)
C1
C2
NR

𝛘̅
0.72
0.69
0.72
0.64
0.89

(±) SEM
0.019
0.018
0.027
0.021
0.065

Range
0.28 - 1.91
0.28 - 1.49
0.28 - 1.49
0.31 - 1.25
0.45 - 1.91

n
193
163
94
69
30

Test Statistic
F(0.05)11, 181 = 11.67
F(0.05)11, 151 = 12.98
F(0.05)8, 85 = 13.49
F(0.05)6, 62 = 5.00
F(0.05)10, 16 = 1.63

MSE
0.043
0.029
0.033
0.022
0.104

P
< 0.005
< 0.005
< 0.005
< 0.005
0.174

HSI
CC (Total)
CC (RA)
C1
C2
NR

𝛘̅
4.03
4.13
4.17
4.07
3.49

(±) SEM
0.077
0.083
0.122
0.104
0.180

Range
1.77 - 7.83
1.77 - 7.83
1.77 - 7.83
2.62 - 6.11
2.14 - 5.60

n
194
164
95
69
30

Test Statistic
F(0.05)11, 182 = 2.19
F(0.05)11, 152 = 2.90
F(0.05)8, 86 = 1.52
F(0.05)6, 62 = 4.52
F(0.05)10, 19 = 0.65

MSE
1.080
0.991
1.335
0.568
1.087

P
0.017
< 0.005
0.163
< 0.005
0.752

LFD
CC (Total)
CC RA
C1
C2
NR

𝛘̅
8.35
7.80
8.10
7.39
11.02

Range
3.18 - 15.40
3.18 - 15.22
3.18 - 13.14
4.20 - 15.22
5.08 - 15.40

n
201
167
98
69
34

Test Statistic
F(0.05) 11, 189 = 14.93
F(0.05) 11, 155 = 19.85
F(0.05) 8, 89 = 16.34
F(0.05) 6, 62 = 18.21
F(0.05) 10, 23 = 1.88

B.

C.

(±) SEM
0.196
0.184
0.252
0.260
0.531

MSE
4.390
2.521
2.746
1.854
7.585

P
< 0.005
< 0.005
< 0.005
< 0.005
0.103

Total females, n = 208
GSI (removed 7 immature + 8 no GSI), n = 193
HSI (removed 7 immature + 7 no HSI), n = 194
LFD (removed 7 immature), n = 201
RA (U4, 5a-5e)
GSI, n = 163
HSI, n = 164
LFD, n = 167
NR (U3/6) – 3 unfertilized females from C2 were also removed (GSI & HSI)
GSI, n = 30
HSI, n = 30
LFD, n = 34
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Table 3.5. Female U. jamaicensis, monthly mean Gonadosomatic Index (GSI) descriptive statistics for A. Combined
Cycles (CC), B. Reproductively Active (RA), C. Cycle 1 (C1), D. Cycle 2 (C2), and E. Non-Reproductive (NR) females.

A.

C.

E.

CC

Mean

(±) SEM

Range

n

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

0.88
0.99
1.00
0.90
0.56
0.52
0.58
0.66
0.59
0.60
0.60
0.67

0.043
0.089
0.063
0.058
0.042
0.025
0.061
0.057
0.036
0.048
0.033
0.042

0.63-1.17
0.68-1.91
0.57-1.64
0.56-1.64
0.36-0.90
0.41-0.65
0.35-1.13
0.35-1.23
0.35-0.89
0.31-1.10
0.41-0.84
0.48-1.09

17
13
18
18
15
17
14
17
15
16
13
20

C1

Mean

(±) SEM

Range

n

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

1.00
0.90
0.97
0.84
0.56
0.53
0.51
0.61
0.53
N/A
N/A
N/A

0.047
0.070
0.060
0.045
0.042
0.026
0.051
0.113
0.062
N/A
N/A
N/A

0.80-1.14
0.68-1.11
0.57-1.49
0.56-1.15
0.36-0.90
0.28-0.65
0.35-0.95
0.35-1.23
0.47-0.59
N/A
N/A
N/A

7
6
15
15
15
16
11
7
2
N/A
N/A
N/A

NR

Mean

(±) SEM

Range

n

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

0.96
1.28
1.16
1.19
N/A
0.47
0.84
0.82
0.67
0.82
0.70
0.56

0.209
0.320
0.253
0.234
N/A
0.000
0.151
0.095
0.220
0.170
0.076
0.053

0.75-1.17
0.86-1.91
0.79-1.64
0.88-1.64
N/A
0.47
0.61-1.13
0.57-0.98
0.45-0.89
0.51-1.10
0.57-0.84
0.48-0.66

2
3
3
3
0
1
3
4
2
3
3
3

B.

D.

RA

Mean

(±) SEM

Range

n

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

0.87
0.91
0.97
0.84
0.56
0.53
0.51
0.61
0.57
0.54
0.57
0.69

0.043
0.059
0.060
0.045
0.042
0.026
0.051
0.063
0.033
0.036
0.033
0.047

0.63-1.14
0.68-1.25
0.57-1.49
0.56-1.15
0.36-0.90
0.28-0.65
0.35-0.95
0.35-1.23
0.35-0.77
0.31-0.77
0.41-0.70
0.48-1.09

15
10
15
15
15
16
11
13
13
13
10
17

C2

Mean

(±) SEM

Range

n

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

0.74
0.92
N/A
N/A
N/A
N/A
N/A
0.62
0.58
0.54
0.57
0.69

0.030
0.117
N/A
N/A
N/A
N/A
N/A
0.055
0.037
0.036
0.033
0.047

0.63-0.86
0.70-1.25
N/A
N/A
N/A
N/A
N/A
0.42-0.78
0.35-0.77
0.31-0.77
0.41-0.70
0.48-1.09

8
4
N/A
N/A
N/A
N/A
N/A
6
11
13
10
17
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Table 3.6. Female U. jamaicensis; ANOVA (Tukey HSD, modified unequal n) monthly analysis of Gonadosomatic Index (GSI) for Total Combined Cycles (CC); significance designated
at P < 0.05, highlighted values (BOLD) represent months that were significantly different from each other; (F (0.05)11, 181 = 11.67, MSE = 0.043, P < 0.005, n = 193), mean square error
(MSE).
CC Total

Jan

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

0.953051

0.856512

1.000000

0.001523

0.000059

0.010074

0.106572

0.006825

0.007047

0.031050

0.147715

1.000000

0.992572

0.000022

0.000018

0.000043

0.002651

0.000047

0.000073

0.000085

0.004129

0.960699

0.000018

0.000018

0.000024

0.000152

0.000020

0.000019

0.000068

0.000147

0.000354

0.000024

0.002926

0.037906

0.001829

0.001810

0.010663

0.041970

0.999999

1.000000

0.965569

1.000000

0.999997

0.999997

0.938645

0.999816

0.722181

0.999640

0.998073

0.998905

0.634747

0.997505

1.000000

1.000000

1.000000

0.993650

0.997336

0.998972

0.999756

1.000000

1.000000

1.000000

0.993080

1.000000

0.996807

Feb

0.953051

Mar

0.856512

1.000000

Apr

1.000000

0.992572

0.960699

May

0.001523

0.000022

0.000018

0.000354

Jun

0.000059

0.000018

0.000018

0.000024

0.999999

Jul

0.010074

0.000043

0.000024

0.002926

1.000000

0.999816

Aug

0.106572

0.002651

0.000152

0.037906

0.965569

0.722181

0.997505

Sep

0.006825

0.00007

0.000020

0.001829

1.000000

0.999640

1.000000

0.997336

Oct

0.007047

0.000073

0.000019

0.001810

0.999997

0.998073

1.000000

0.998972

1.000000

Nov

0.031050

0.000085

0.000068

0.010663

0.999997

0.998905

1.000000

0.999756

1.000000

1.000000

Dec

0.147715

0.004129

0.000147

0.041970

0.938645

0.634747

0.993650

1.000000

0.993080

0.996807

0.999151
0.999151
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Table 3.7. Female U. jamaicensis, ANOVA (Tukey HSD, modified non-equal n) monthly analysis of Gonadosomatic Index (GSI) for Reproductively Active (RA) females during
combined cycles (CC); significance designated at P < 0.05, highlighted values (BOLD) represent months that were significantly different from each other; (F(0.05)11, 151 = 12.98, MSE
= 0.029, P < 0.005, n = 163); mean square error (MSE).
RA CC

Jan

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

0.999991

0.896043

1.000000

0.000065

0.0000213

0.000101

0.009176

0.000767

0.000111

0.005606

0.186858

0.999818

0.999531

0.000271

0.000051

0.000031

0.0060905

0.000662

0.000121

0.000506

0.161995

0.713622

0.000018

0.000018

0.000018

0.000025

0.000018

0.000018

0.000027

0.000616

0.000270

0.000038

0.000380

0.027683

0.002907

0.000440

0.015538

0.372946

0.999998

0.999985

0.999582

1.000000

1.000000

1.000000

0.582550

1.000000

0.980437

0.999939

1.000000

0.999995

0.209984

0.969938

0.999690

1.000000

0.999913

0.376046

0.999983

0.996719

0.999986

0.990989

0.999999

1.000000

0.830133

1.000000

0.538642

Feb

0.999991

Mar

0.896043

0.999818

Apr

1.000000

0.999531

0.713622

May

0.000065

0.000271

0.000018

0.000270

Jun

0.000021

0.000051

0.000018

0.000038

0.999998

Jul

0.000101

0.000031

0.000018

0.000357

0.999985

1.000000

Aug

0.009176

0.006090

0.000025

0.027683

0.999582

0.980437

0.969938

Sep

0.000767

0.000662

0.000018

0.002907

1.000000

0.999939

0.999690

0.999983

Oct

0.000111

0.000121

0.000018

0.000440

1.000000

1.000000

1.000000

0.996719

0.999999

Nov

0.005606

0.000506

0.000027

0.015538

1.000000

0.999995

0.999913

0.999986

1.000000

1.000000

Dec

0.186858

0.161995

0.000616

0.372946

0.582550

0.209984

0.376046

0.990989

0.830133

0.538642

0.902090
0.902090

5
2
0
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Table 3.8. Female U. jamaicensis, ANOVA (Tukey HSD, modified non-equal n), monthly analysis of Gonadosomatic Index (GSI) for Reproductively Active (RA) females during A.
Cycle 1 (C1), (ANOVA: F8, 85 = 13.49, MSE = 0.033, P < 0.005, n = 94), B. Cycle 2 (C2), (ANOVA: F6, 62 = 5.00, MSE = 0.022, P < 0.005, n = 69); significance designated at P < 0.05,
highlighted values (BOLD) represent months that were significantly different from each other; mean square error (MSE).

A.

C1

Jan

an

B.

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

0.986763

0.999987

0.772443

0.000545

0.000247

0.000197

0.003266

0.189741

0.999453

0.999789

0.036511

0.015442

0.010500

0.133601

0.503990

0.642889

0.000131

0.000131

0.000133

0.011339

0.283889

0.001326

0.000328

0.001612

0.287017

0.715933

0.999942

0.999744

0.999796

1.000000

1.000000

0.994274

1.000000

0.985158

1.000000

Feb

0.986763

Mar

0.999987

0.999453

Apr

0.772443

0.999789

0.642889

May

0.000545

0.036511

0.000131

0.001326

Jun

0.000247

0.015442

0.000131

0.000328

0.999942

Jul

0.000197

0.010500

0.000133

0.001612

0.999744

0.999942

Aug

0.003266

0.133601

0.011339

0.287017

0.999796

0.994274

0.985158

Sep

0.189741

0.503990

0.283889

0.715933

1.000000

1.000000

1.000000

0.999951

Jan

Feb

Aug

Sep

Oct

Nov

Dec

0.633356

0.751884

0.310439

0.114491

0.228263

0.992134

0.074003

0.030661

0.011168

0.021964

0.325014

0.999585

0.977700

0.997543

0.974428

0.996915

0.999996

0.580509

0.999794

0.158689

C2
Jan

5

Feb

0.633356

Aug

0.751884

0.074003

Sep

0.310439

0.030661

0.999585

2
0

Oct

0.114491

0.011168

0.977700

0.996915

Nov

0.228263

0.021964

0.997543

0.999996

0.999794

Dec

0.992134

0.325014

0.974428

0.580509

0.158689

0.999951

0.508754
0.508754
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Table 3.9. Female U. jamaicensis, ANOVA Uterine Stage comparisons and descriptive statistics; A. Gonadosomatic
Index (GSI), B. Hepatosomatic Index (HSI), and C. Largest Follicle Diameter (LFD) for combined cycle (CC) observations
(Total), reproductively active (RA) females for combined cycles (CC), Cycle 1 (C1), and Cycle 2 (C2); mean square error
(MSE).

A.

GSI
CC (Total)
CC RA
C1
C2

Mean
0.72
0.69
0.76
0.67

(±) SEM
0.019
0.018
0.029
0.021

Range
0.28 - 1.91
0.28 - 1.49
0.28 - 1.91
0.31 - 1.25

n
190
163
110
80

test statistic
F(0.05)6, 183 = 14.70
F(0.05)5, 157 = 15.80
F(0.05)6, 103 = 13.50
F(0.05)6, 73 = 3.03

MSE
0.048
0.036
0.054
0.031

P
< 0.005
< 0.005
< 0.005
0.011

B.

HSI
CC (Total)
CC RA
C1
C2

Mean
4.03
4.13
4.08
3.95

(±) SEM
0.078
0.083
0.112
0.102

Range
1.77 - 7.83
1.77 - 7.83
1.77 - 7.83
2.26 - 6.11

n
191
164
111
80

test statistic
F(0.05)6, 184 = 2.21
F(0.05)5, 158 = 0.36
F(0.05)6,104 = 1.37
F(0.05)6, 73 = 2.75

MSE
1.114
1.151
1.366
0.734

P
0.044
0.873
0.235
0.018

C.

LFD
CC (Total)
CC RA
C1
C2

Mean
8.38
7.80
8.71
7.88

(±) SEM
0.199
0.184
0.278
0.285

Range
3.18 - 15.40
3.18 - 13.14
3.18 - 15.30
4.20 - 15.40

n
198
167
118
80

test statistic
F(0.05)6, 191 = 26.98
F(0.05)5, 161 = 19.33
F(0.05)6,111 = 23.18
F(0.05)6, 73 = 11.05

MSE
4.365
3.653
3.957
3.694

P
<0.005
< 0.005
< 0.005
< 0.005

Total females, n = 208
GSI (removed 7 immature + 8 no GSI + 3 unfertilized), n = 190
HSI (removed 7 immature + 7 no HSI + 3 unfertilized), n = 191
LFD (removed 7 immature + 3 unfertilized), n = 198
RA (U4, 5a-5e)
GSI, n = 163
HSI, n = 164
LFD, n = 167
C1/C2 included NR females (U3/6) in uterine stage analyses
(excluding 3 unfertilized females from C2)
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Table 3.10. Female U. jamaicensis, Uterine Stage (U) descriptive statistics for A. Gonadosomatic Index (GSI), B. Hepatosomatic Index (HSI), and C. Largest Follicle
Diameter (LFD), each row illustrates the mean values of each U for Combined Cycles (CC), Cycle 1 (C1), and Cycle 2 (C2).

A.

B.

C.

CC

Mean

(±) SEM

Range

n

C1

Mean

(±) SEM

Range

n

C2

Mean

(±) SEM

Range

n

U3

A.0.93

0.067

0.48 - 1.91

27

U3

1.00

0.103

0.48 - 1.91

16

U3

0.83

0.064

0.47 - 1.13

11

U4

0.94

0.048

0.57 - 1.49

21

U4

0.98

0.050

0.57 - 1.49

18

U4

0.72

0.054

0.61 - 0.78

3

U5a

0.81

0.034

0.49 - 1.16

29

U5a

0.88

0.034

0.66 - 1.16

21

U5a

0.61

0.030

0.49 - 0.76

8

U5b

0.61

0.037

0.37 - 1.09

26

U5b

0.63

0.050

0.37 - 1.09

17

U5b

0.56

0.044

0.41 - 0.77

9

U5c

0.55

0.023

0.28 - 1.04

44

U5c

0.50

0.026

0.28 - 0.86

23

U5c

0.60

0.036

0.31 - 1.04

21

U5d

0.63

0.044

0.40 - 0.96

15

U5d

0.55

0.069

0.41 - 0.71

4

U5d

0.65

0.054

0.40 - 0.96

11

U5e

0.68

0.045

0.35 - 1.25

28

U5e

0.61

0.081

0.35 - 1.23

11

U5e

0.72

0.052

0.46 - 1.25

17

CC

Mean

(±) SEM

Range

n

C1

Mean

(±) SEM

Range

n

C2

Mean

(±) SEM

Range

n

U3 B.3.39

0.181

2.14 - 5.60

27

U3

3.52

0.245

2.13 - 5.60

16

U3

3.20

0.269

2.26 -5.11

11

U4

4.02

0.216

2.19 - 6.57

21

U4

3.92

0.240

2.19 - 6.57

18

U4

4.63

0.334

4.25 - 5.29

3

U5a

4.06

0.230

1.94 - 7.83

29

U5a

4.12

0.302

1.94 - 7.83

21

U5a

3.91

0.277

2.79 - 5.23

8

U5b

4.19

0.195

2.66 - 6.11

26

U5b

4.00

0.255

2.66 - 6.00

17

U5b

4.53

0.276

3.24 -6.11

9

U5c

4.16

0.151

2.36 - 7.29

45

U5c

4.28

0.231

2.36 - 7.29

24

U5c

4.03

0.188

2.62 - 6.04

21

U5d

4.43

0.267

2.80 - 5.88

15

U5d

4.99

0.564

3.30 - 5.66

4

U5d

4.22

0.293

2.80 - 5.88

11

U5e

4.03

0.215

1.77 - 6.49

28

U5e

4.44

0.436

1.77 - 6.49

11

U5e

3.76

0.201

2.64 - 5.32

17

CC

Mean

5

(±) SEM

Range

n

C1

Mean

(±) SEM

Range

n

C2

Mean

(±) SEM

Range

n

C.11.46
U3

0.514

6.09-15.40

31

U3

11.74

0.660

6.09 - 15.30

20

U3

10.96

0.831

7.06 - 15.40

11

U4

9.90

0.394

5.03-12.17

21

U4

10.33

0.326

8.13 - 12.17

18

U4

7.24

1.166

5.03 - 8.99

3

2
0

U5a

9.01

0.349

4.20-11.99

31

U5a

9.86

0.273

7.50 - 11.99

23

U5a

6.56

0.441

4.20 - 8.58

8

U5b

6.21

0.349

4.41-11.74

26

U5b

6.69

0.494

4.45 - 11.70

17

U5b

5.30

0.148

4.41 - 5.88

9

U5c

6.33

0.221

3.18-10.61

46

U5c

5.86

0.273

3.18 - 10.10

25

U5c

6.88

0.326

4.20 - 10.61

21

U5d

7.29

0.537

5.11-11.03

15

U5d

6.73

0.942

5.22 - 9.36

4

U5d

7.49

0.662

5.11 - 11.03

11

U5e

9.09

0.472

3.83-15.22

28

U5e

8.49

0.863

3.83 - 13.10

11

U5e

9.47

0.543

6.37 - 15.22

17
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Table 3.11. Female U. jamaicensis, ANOVA (Tukey HSD, modified non-equal n), analysis of Gonadosomatic Index (GSI)
for uterine stages (U stage); A. Total combined cycles (CC); B. Reproductively Active (RA) females; C. Cycle 1 (C1); and
D. Cycle 2 (C2). U3 (including U6) (pre-ovulatory females; U4 (post-ovulatory females); U5a (early stage embryos); U5b
(middle stage embryos); U5c (late stage embryos); U5d (near-term stage); U5e (term stage); highlighted values (BOLD)
represent U stages that were significantly different from each other.

A.

CC

U3

U3

B.

U4

U5a

U5b

U5c

U5d

U5e

0.999995

0.282256

0.000027

0.000026

0.002745

0.000572

0.318933

0.000033

0.000026

0.001423

0.001944

0.021500

0.000535

0.326631

0.391938

0.993223

0.999935

0.853526

0.982037

0.353703

U4

0.999995

U5a

0.282256

0.318933

U5b

0.000027

0.000033

0.021500

U5c

0.000026

0.000026

0.000535

0.993223

U5d

0.002745

0.001423

0.326631

0.999935

0.982037

U5e

0.000572

0.001944

0.391938

0.853526

0.353703

RA

U4

U4

C.

0.993700

U5a

U5b

U5c

U5d

U5e

0.126277

0.000020

0.000020

0.000084

0.000118

0.002693

0.000036

0.130986

0.173747

0.968249

0.999288

0.665317

0.931228

0.148080

U5a

0.126277

U5b

0.000020

0.002693

U5c

0.000020

0.000036

0.968249

U5d

0.000084

0.130986

0.999288

0.931228

U5e

0.000118

0.173747

0.665317

0.148080

0.970049

C1

U4

U5a

U5b

U5c

U5d

U5e

0.594084

0.000126

0.000123

0.016950

0.000233

0.001981

0.000123

0.122653

0.009725

0.456905

0.990037

0.999776

0.999809

0.843354

U4

D.

0.993700

0.970049

U5a

0.594084

U5b

0.000126

0.001981

U5c

0.000123

0.000123

0.456905

U5d

0.016950

0.122653

0.990037

0.999809

U5e

0.000233

0.009725

0.999776

0.843354

0.997866

C2

U4

U5a

U5b

U5c

U5d

U5e

0.952190

0.803431

0.968298

0.996902

1.000000

0.983518

0.999993

0.983123

0.605302

0.962769

0.747348

0.219704

0.990550

0.322741

U4
U5a

0.952190

U5b

0.803431

0.983518

U5c

0.968298

0.999993

0.962769

U5d

0.996902

0.983123

0.747348

0.990550

U5e

1.000000

0.605302

0.219704

0.322741

0.997866

0.914293
0.914293

538

Table 3.12. Female U. jamaicensis, monthly mean Hepatosomatic Index (HSI) descriptive statistics for A. Combined
Cycles (CC), B. Reproductively Active (RA), C. Cycle 1 (C1), D. Cycle 2 (C2), and E. Nonreproductive (NR) females.

A.

C.

E.

CC

Mean

(±) SEM

Range

n

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

3.79
3.18
4.15
4.05
3.72
4.70
4.04
4.14
4.23
4.53
3.88
3.79

0.183
0.216
0.269
0.330
0.234
0.310
0.215
0.270
0.307
0.276
0.261
0.152

2.45-5.06
1.94-4.73
2.14-6.57
2.44-7.83
2.36-6.00
2.28-7.29
2.74-5.85
2.26-6.45
1.77-6.49
2.30-6.04
2.28-5.60
2.75-5.32

17
13
18
18
15
17
15
17
15
16
13
20

C1

Mean

(±) SEM

Range

n

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

4.00
3.34
4.38
4.17
3.72
4.85
4.07
4.49
4.13
N/A
N/A
N/A

0.324
0.351
0.277
0.390
0.234
0.288
0.228
0.465
2.363
N/A
N/A
N/A

3.05-5.06
2.40-4.73
2.19-6.57
2.44-7.83
2.36-6.00
3.30-7.29
3.18-5.85
3.14-6.45
1.77-6.49
N/A
N/A
N/A

7
6
15
15
15
16
12
7
2
N/A
N/A
N/A

NR

Mean

(±) SEM

Range

n

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

3.23
3.18
2.99
3.47
0
2.28
3.90
3.14
4.37
3.34
4.25
3.22

0.777
0.640
0.436
0.105
0
0
0.685
0.377
0.794
0.792
1.009
0.146

2.45-4.01
1.94-4.08
2.14-3.57
3.33-3.67
0
2.28-2.28
2.74-5.11
2.26-3.94
3.58-5.16
2.30-4.89
2.28-5.60
3.04-3.51

2
3
3
3
0
1
3
4
2
3
3
3

B.

D.

RA

Mean

(±) SEM

Range

n

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

3.87
3.01
4.38
4.17
3.72
4.85
4.07
4.45
4.20
4.81
3.77
3.88

0.185
0.188
0.277
0.390
0.234
0.288
0.228
0.288
0.344
0.244
0.210
0.167

3.05-5.06
1.94-3.70
2.19-6.57
2.44-7.83
2.36-6.00
3.30-7.29
3.18-5.85
3.01-6.45
1.77-6.49
3.24-6.04
2.79-5.05
2.75-5.32

15
10
15
15
15
16
12
13
13
13
10
17

C2

Mean

(±) SEM

Range

n

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

3.75
2.94
N/A
N/A
N/A
N/A
N/A
4.41
4.22
4.81
3.77
3.88

0.213
0.257
N/A
N/A
N/A
N/A
N/A
0.355
0.258
0.244
0.210
0.167

3.06-4.64
2.62-3.70
N/A
N/A
N/A
N/A
N/A
3.01-5.39
2.79-6.11
3.24-6.04
2.79-5.05
2.75-5.32

8
4
N/A
N/A
N/A
N/A
N/A
6
11
13
10
17
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Table 3.13. Female U. jamaicensis, ANOVA (Tukey HSD, modified unequal n), monthly analysis of Hepatosomatic Index (HSI) for Total Combined Cycles (CC), significance designated
at P < 0.05, highlighted values (BOLD) represent months that were significantly different from each other; (F (0.05)11, 182 = 2.19, MSE = 1.080, P = 0.017, n = 194); mean square error
(MSE).
CC

Jan

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

0.938784

0.997691

0.999899

1.000000

0.316156

0.999971

0.998190

0.993026

0.685217

1.000000

1.000000

0.416582

0.594728

0.974639

0.010508

0.621782

0.432816

0.298620

0.042250

0.858385

0.944654

1.000000

0.993529

0.930823

1.000000

1.000000

1.000000

0.996780

0.999957

0.996292

0.999419

0.809043

1.000000

1.000000

0.999999

0.977686

1.000000

0.999813

0.296894

0.999630

0.994657

0.976294

0.597808

1.000000

1.000000

0.846435

0.922493

0.985151

0.999999

0.690009

0.301012

1.000000

0.999998

0.977922

1.000000

0.999958

1.000000

0.996006

0.999970

0.997721

0.999680

0.999526

0.991711

0.909638

0.668178

Feb

0.938784

Mar

0.997691

0.416582

Apr

0.999899

0.594728

1.000000

May

1.000000

0.974639

0.993529

0.999419

Jun

0.316156

0.010508

0.930823

0.809043

0.296894

Jul

0.999971

0.621782

1.000000

1.000000

0.999630

0.846435

Aug

0.998190

0.432816

1.000000

1.000000

0.994657

0.922493

1.000000

Sep

0.993026

0.298620

1.000000

0.999999

0.976294

0.985151

0.999998

1.000000

Oct

0.685217

0.042250

0.996780

0.977686

0.597808

0.999999

0.977922

0.996006

0.999680

Nov

1.000000

0.858385

0.999957

1.000000

1.000000

0.690009

1.000000

0.999970

0.999526

0.909638

Dec

1.000000

0.944654

0.996292

0.999813

1.000000

0.301012

0.999958

0.997721

0.991711

0.668178

1.000000
1.000000

5
2
0
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Table 3.14. Female U. jamaicensis, ANOVA (Tukey HSD, modified unequal n), monthly analysis of Hepatosomatic Index (HSI) for Reproductively Active (RA) females during
combined cycles, (F (0.05)11, 152 = 2.90, MSE = 0.991, P < 0.005, n = 164); significance was designated at P < 0.05, highlighted values (BOLD) represent months that were significantly
different from each other; mean square error (MSE).

RA

Jan

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

0.926201

0.961548

0.999639

1.000000

0.227407

0.999998

0.943737

0.999467

0.400874

1.000000

1.000000

0.224211

0.533891

0.987269

0.009557

0.692335

0.156462

0.475755

0.013342

0.975563

0.915416

0.999987

0.811073

0.981085

0.999810

1.000000

0.999999

0.995037

0.968339

0.968878

0.987288

0.774490

1.000000

0.999893

1.000000

0.893295

0.999201

0.999777

0.082543

0.999479

0.781959

0.986740

0.187964

1.000000

0.999999

0.748043

0.997266

0.888072

1.000000

0.389205

0.204624

0.998745

1.000000

0.808106

0.999949

0.999999

0.999972

0.998969

0.932886

0.952867

0.925849

0.998239

0.999652

0.452400

0.426648

Feb

0.926201

Mar

0.961548

0.224211

Apr

0.999639

0.533891

0.999987

May

1.000000

0.987269

0.811073

0.987288

Jun

0.227407

0.009557

0.981085

0.774490

0.082543

Jul

0.999998

0.692335

0.999810

1.000000

0.999479

0.748043

Aug

0.943737

0.156462

1.000000

0.999893

0.781959

0.997266

0.998745

Sep

0.999467

0.475755

0.999999

1.000000

0.986740

0.888072

1.000000

0.999972

Oct

0.400874

0.013342

0.995037

0.893295

0.187964

1.000000

0.808106

0.998969

0.925849

Nov

1.000000

0.975563

0.968339

0.999201

1.000000

0.389205

0.999949

0.932886

0.998239

0.452400

Dec

1.000000

0.915416

0.968878

0.999777

0.999999

0.204624

0.999999

0.952867

0.999652

0.426648

1.000000
1.000000

5
2
0
541

Table 3.15. Female U. jamaicensis, ANOVA (Tukey HSD, modified unequal n), monthly analysis of Hepatosomatic Index (HSI), A. Cycle 1 (C1), (F (0.05)8, 86 = 1.52,
MSE = 1.335, P = 0. 163, n = 164); B. Cycle 2 (C2), (F (0.05)6, 62 = 4.52, MSE = 0.568, P < 0.005, n = 69). Months with non-data were removed from analysis, significance
was designated at P < 0.05, highlighted values (BOLD) represent months that were significantly different from each other; mean square error (MSE).

A.

C1

Jan

Jan

B.

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

0.985199

0.999508

0.999999

0.999954

0.904659

1.000000

0.997091

1.000000

0.818618

0.943286

0.999684

0.372060

0.972678

0.730510

0.998888

0.999883

0.822033

0.971660

0.999147

1.000000

1.000000

0.979136

0.793312

1.000000

0.999873

1.000000

0.174405

0.998171

0.946541

0.999993

0.772735

0.999647

0.999470

0.999045

1.000000

Feb

0.985199

Mar

0.999508

0.818618

Apr

0.999999

0.943286

0.999883

May

0.999954

0.999684

0.822033

0.978372

Jun

0.904659

0.372060

0.971660

0.788091

0.174405

Jul

1.000000

0.972678

0.999147

1.000000

0.998171

0.772735

Aug

0.997091

0.730510

1.000000

0.999867

0.946541

0.999647

0.999045

Sep

1.000000

0.998888

1.000000

1.000000

0.999993

0.999470

1.000000

0.999998

Jan

Feb

Aug

Sep

Oct

Nov

Dec

0.731673

0.737842

0.880274

0.091592

1.000000

0.999865

0.102352

0.220713

0.014476

0.712738

0.576338

0.999410

0.968683

0.760211

0.887385

0.524417

0.838056

0.943643

0.045726

0.040325

C2
Jan

5

0.731673
0.737842

0.102352

Sep

0.880274

0.220713

0.999410

Oct

0.091592

0.014476

0.968683

0.524417

Nov

1.000000

0.712738

0.760211

0.838056

0.045726

Dec

0.999865

0.576338

0.887385

0.943643

0.040325

2
0

Feb
Aug

0.999998

0.999884
0.999884
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Table 3.16. Female U. jamaicensis, ANOVA (Tukey HSD, modified non-equal n), analysis of Hepatosomatic Index (HSI)
for uterine stages (U stage); A. Total combined cycles (CC); B. Reproductively Active (RA) females; C. Cycle 1 (C1); and
D. Cycle 2 (C2). U3 (including U6) (pre-ovulatory females); U4 (post-ovulatory females); U5a (early stage embryos);
U5b (middle stage embryos); U5c (late stage embryos); U5d (near-term stage); U5e (term stage); highlighted values
(BOLD) represent U stages that were significantly different from each other.

A.

CC

U3

U3

U4

U5a

U5b

U5c

U5d

U5e

0.379233

0.207940

0.089798

0.043671

0.038266

0.279535

1.000000

0.998548

0.998926

0.920421

1.000000

0.999536

0.999722

0.934656

1.000000

1.000000

0.992562

0.998033

0.981036

0.998408

U4

0.379233

U5a

0.207940

1.000000

U5b

0.089798

0.998548

0.999536

U5c

0.043671

0.998926

0.999722

1.000000

U5d

0.038266

0.920421

0.934656

0.992562

0.981036

U5e

0.279535

1.000000

1.000000

0.998033

0.998408

B.

RA

U4

U4

C.

C1

D.

U5b

U5c

U5d

U5e

0.999995

0.995679

0.996637

0.878659

1.000000

0.998329

0.998911

0.897023

0.999995

0.999999

0.983146

0.994436

0.963246

0.995335

0.999995

U5b

0.995679

0.998329

U5c

0.996637

0.998911

0.999999

U5d

0.878659

0.897023

0.983146

0.963246

U5e

1.000000

0.999995

0.994436

0.995335

U3

0.902035

U5a

U5a

U3

0.902035

0.855735
0.855735

U4

U5a

U5b

U5c

U5d

U5e

0.953735

0.717787

0.901049

0.423059

0.280207

0.421117

0.998426

0.999995

0.959647

0.648643

0.910124

0.999928

0.999465

0.819839

0.990597

0.989829

0.731039

0.960530

0.916650

0.999773

U4

0.953735

U5a

0.717787

0.998426

U5b

0.901049

0.999995

0.999928

U5c

0.423059

0.959647

0.999465

0.989829

U5d

0.280207

0.648643

0.819839

0.731039

0.916650

U5e

0.421117

0.910124

0.990597

0.960530

0.999773

0.983571

C2

U3

U4

U5a

U5b

U5c

U5d

U5e

0.156372

0.566264

0.015686

0.141558

0.092781

0.628454

0.878195

0.999998

0.917880

0.990323

0.673765

0.749841

0.999882

0.896607

0.673765

0.764732

0.983469

0.318832

0.996937

0.959514

U3
U4

0.156372

U5a

0.566264

0.878195

U5b

0.015686

0.999998

0.749841

U5c

0.141558

0.917880

0.999882

0.764732

U5d

0.092781

0.990323

0.896607

0.983469

0.996937

U5e

0.628454

0.673765

0.673765

0.318832

0.959514

0.983571

0.808571
0.808571
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Table 3.17. Female U. jamaicensis, monthly mean descriptive statistics for the Largest Follicle Diameter (LFD); A.
Combined Cycles (CC), B. Reproductively Active (RA), C. RA Cycle 1 (C1), D. RA Cycle 2 (C2), and E. Non-Reproductive
(NR) females.

A.

C.

E.

CC
Jan
A.
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

Mean
10.67
11.48
10.77
9.63
6.39
5.90
6.89
8.49
7.11
6.22
7.27
7.85

(±) SEM
0.448
0.459
0.408
0.472
0.442
0.214
0.698
0.756
0.735
0.433
0.716
0.279

Range
8.08-15.22
7.50-14.58
8.13-15.30
6.28-14.00
4.02-10.16
4.57-8.26
3.18-13.38
3.83-13.43
4.20-15.40
5.03-11.29
4.20-15.12
6.09-10.86

n
17
18
20
18
15
17
15
17
15
16
13
20

C1
Jan
C.Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

Mean
10.88
10.18
10.17
9.15
6.39
5.76
6.07
7.99
9.49
N/A
N/A
N/A

(±) SEM
0.481
0.535
0.306
0.424
0.442
0.165
0.565
1.249
1.285
N/A
N/A
N/A

Range
8.74-12.06
7.50-11.64
8.13-12.17
6.28-11.74
4.02-10.16
4.57-7.03
3.18-11.30
3.83-13.14
8.20-10.77
N/A
N/A
N/A

n
7
8
16
15
15
16
12
7
2
0
0
0

NR
Jan
Feb
E.
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

Mean
11.39
13.28
13.16
12.00
N/A
8.26
10.16
11.93
11.25
7.93
9.83
7.18

(±) SEM
2.240
0.629
1.015
1.312
N/A
0
1.825
0.948
4.155
1.810
2.668
0.607

Range
9.15-13.62
11.00-14.58
10.71-15.30
9.53-14.00
N/A
8.26
7.06-13.38
9.23-13.43
7.09-15.40
5.08-11.29
6.56-15.12
6.09-8.19

n
2
6
4
3
0
1
3
4
2
3
3
3

B.

D.

RA
Jan
B.
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

Mean
10.57
10.58
10.17
9.15
6.39
5.76
6.07
7.43
6.48
5.82
6.51
7.97

(±) SEM
0.455
0.421
0.306
0.424
0.442
0.165
0.565
0.728
0.503
0.304
0.360
0.308

Range
8.08-15.22
7.50-12.98
8.13-12.17
6.28-11.74
4.02-10.16
4.57-7.03
3.18-11.30
3.83-13.14
4.20-10.77
5.03-9.26
4.20-8.46
6.37-10.86

n
15
12
16
15
15
16
12
13
13
13
10
17

C2
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

Mean
10.30
11.38
N/A
N/A
N/A
N/A
N/A
6.77
5.93
5.82
6.51
7.97

(±) SEM
0.762
0.541
N/A
N/A
N/A
N/A
N/A
0.641
0.366
0.304
0.360
0.308

Range
8.08-15.22
10.61-12.98
N/A
N/A
N/A
N/A
N/A
4.41-8.99
4.20-8.58
5.03-9.26
4.20-8.46
6.37-10.86

n
8
4
0
0
0
0
0
6
11
13
10
17
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Table 3.18. Female U. jamaicensis, ANOVA (Tukey HSD, modified unequal n), monthly analysis of Largest Follicle Diameter (LFD) for total Combined Cycle (CC); (F (0.05)11, 189 = 14.93,
MSE = 4.390, P < 0.005, n = 201), significance designated at P < 0.05, highlighted values (BOLD) represent months that were significantly different from each other; mean square
error (MSE).
CC

Jan

Jan
Feb

0.993520

Mar

1.000000

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

0.993520

1.000000

0.954504

0.000019

0.000018

0.000066

0.098974

0.000221

0.000018

0.002178

0.005023

0.997385

0.253249

0.000018

0.000018

0.000018

0.001904

0.000018

0.000018

0.000036

0.000029

0.897832

0.000018

0.000018

0.000042

0.066490

0.000124

0.000018

0.001308

0.000657

0.001394

0.000030

0.018132

0.913778

0.046674

0.000270

0.153707

0.310213

0.999973

0.999958

0.204810

0.998639

1.000000

0.995571

0.753216

0.980308

0.017015

0.917378

1.000000

0.883169

0.222729

0.634225

1.000000

0.999290

0.999999

0.984778

0.819338

0.091216

0.947303

0.999243

0.991313

1.000000

0.998364

0.981092

0.548146

0.997385

Apr

0.954504

0.253249

0.895992

May

0.000019

0.000018

0.000018

0.001394

Jun

0.000018

0.000018

0.000018

0.000030

0.999973

Jul

0.000066

0.000018

0.000042

0.018132

0.999958

0.980308

Aug

0.098974

0.001904

0.066490

0.913778

0.204810

0.017015

0.634225

Sep

0.000221

0.000018

0.000124

0.046674

0.998639

0.917378

1.000000

0.819338

Oct

0.000018

0.000018

0.000018

0.000270

1.000000

1.000000

0.999290

0.091216

0.991313

Nov

0.002178

0.000036

0.001308

0.153707

0.995571

0.883169

0.999999

0.947303

1.000000

0.981092

Dec

0.005023

0.000029

0.000657

0.310213

0.753216

0.222729

0.984778

0.999243

0.998364

0.548146

0.999925
0.999925

5
2
0
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Table 3.19. Female U. jamaicensis, ANOVA (Tukey HSD, modified unequal n), monthly analysis of Largest Follicle Diameter (LFD) for Reproductively Active (RA) females, (F (0.05)11,
155 = 19.85, MSE = 2.521, P < 0.005, n = 167), significance designated at P < 0.05, highlighted values (BOLD) represent months that were significantly different from each other;
mean square error (MSE).
RA

Jan

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

1.000000

0.999934

0.375638

0.000018

0.000018

0.000018

0.000044

0.000018

0.000018

0.000018

0.000448

0.999975

0.551879

0.000018

0.000018

0.000018

0.000089

0.000018

0.000018

0.000018

0.003297

0.842892

0.000018

0.000018

0.000018

0.000664

0.000018

0.000018

0.000032

0.004960

0.000129

0.000018

0.000140

0.192919

0.001034

0.000022

0.010456

0.661527

0.995208

0.999998

0.881293

1.000000

0.999057

1.000000

0.213782

0.999998

0.233587

0.992153

1.000000

0.996339

0.004692

0.630461

0.999979

1.000000

0.999982

0.133475

0.932063

0.290772

0.979396

0.999406

0.996538

1.000000

0.408070

0.998380

0.028313

Feb

1.000000

Mar

0.999934

0.999975

Apr

0.375638

0.551879

0.842892

May

0.000018

0.000018

0.000018

0.000129

Jun

0.000018

0.000018

0.000018

0.000018

0.995208

Jul

0.000018

0.000018

0.000018

0.000140

0.999998

0.999998

Aug

0.000044

0.000089

0.000664

0.192919

0.881293

0.233587

0.630461

Sep

0.000018

0.000018

0.000018

0.001034

1.000000

0.992153

0.999979

0.932063

Oct

0.000018

0.000018

0.000018

0.000022

0.999057

1.000000

1.000000

0.290772

0.996538

Nov

0.000018

0.000018

0.000032

0.010456

1.000000

0.996339

0.999982

0.979396

1.000000

0.998380

Dec

0.000448

0.003297

0.004960

0.661527

0.213782

0.004692

0.133475

0.999406

0.408070

0.028313

0.652843
0.652843

5
2
0
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Table 3.20. Female U. jamaicensis, ANOVA (Tukey HSD, modified non-equal n), monthly analysis of Largest Follicle Diameter (LFD) for A. Cycle 1 (C1) (F (0.05)8, 89 = 16.34,
MSE = 2.746, P < 0.005, n = 98); B. Cycle 2 (C2) (F (0.05)6, 62 = 18.21, MSE = 1.854, P < 0.005, n = 69), significance designated at P < 0.05, highlighted values (BOLD) represent
months that were significantly different from each other; mean square error (MSE).

A.

C1

Jan

Jan

B.

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

0.996628

0.996438

0.578271

0.000195

0.000137

0.000147

0.039451

0.995140

1.000000

0.946711

0.000612

0.000154

0.000238

0.263275

0.999975

0.756779

0.000135

0.000134

0.000135

0.266451

0.999976

0.000614

0.000140

0.000651

0.925554

1.000000

0.980478

0.999943

0.674418

0.635977

0.999937

0.234936

0.383298

0.437001

0.507677

Feb

0.996628

Mar

0.996438

1.000000

Apr

0.578271

0.946711

0.756779

May

0.000195

0.000612

0.000135

0.000614

Jun

0.000137

0.000154

0.000134

0.000140

0.980478

Jul

0.000147

0.000238

0.000135

0.000651

0.999943

0.999937

Aug

0.039451

0.263275

0.266451

0.925554

0.674418

0.234936

0.437001

Sep

0.995140

0.999975

0.999976

1.000000

0.635977

0.383298

0.507677

0.992416

Jan

Feb

Aug

Sep

Oct

Nov

Dec

0.948387

0.000912

0.000129

0.000128

0.000425

0.012083

0.000384

0.000136

0.000130

0.000911

0.010137

0.960085

0.764817

0.999952

0.885746

0.997411

0.518658

0.037408

0.127547

0.003024

C2
Jan

5
2
0

Feb

0.917358

Aug

0.000730

0.000335

Sep

0.000132

0.000137

0.933631

Oct

0.000131

0.000135

0.888665

0.999997

Nov

0.000140

0.000211

0.999883

0.962517

0.918408

Dec

0.018233

0.012723

0.730667

0.013947

0.003017

0.992416

0.876517
0.216101
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Table 3.21. Female U. jamaicensis, ANOVA (Tukey HSD, modified non-equal n), analysis of Largest Follicle Diameter
(LFD) for uterine stages (U); A. Total Combined Cycle (CC) CC: (F (0.05)6, 191 = 26.98, MSE = 4.365, P < 0.005, n = 198); B.
Reproductively Active (RA) females (F (0.05)5, 161 = 19.33, MSE = 3.653, P < 0.005, n = 167); C. Cycle 1 (C1) (F (0.05)6, 111 =
23.18, MSE = 3.957, P < 0.005, n = 118); D. Cycle 2 (C2) (F (0.05)6, 73 = 11.05, MSE = 3.694, P < 0.005, n = 80); mean square
error (MSE).

A.

CC

U3

U3

U4

U5a

U5b

U5c

U5d

U5e

0.182485

0.000095

0.000026

0.000026

0.000026

0.000424

0.816473

0.000026

0.000026

0.011494

0.874202

0.000051

0.000034

0.267720

0.999999

0.999994

0.793433

0.000038

0.869587

0.000040

U4

0.182485

U5a

0.000095

0.816473

U5b

0.000026

0.000026

0.000051

U5c

0.000026

0.000026

0.000034

0.999994

U5d

0.000026

0.011494

0.267720

0.793433

0.869587

U5e

0.000424

0.874202

0.999999

0.000038

0.000040

B.

RA

U4

U4

C.

C1

D.

U5b

U5c

U5d

U5e

0.663848

0.000020

0.000020

0.002638

0.746977

0.000022

0.000021

0.135569

0.999988

0.999925

0.633087

0.000021

0.739958

0.000021

U5a

0.663848
0.000020

0.000022

U5c

0.000020

0.000021

0.999925

U5d

0.002638

0.135569

0.633087

0.739958

U5e

0.746977

0.999988

0.000021

0.000021

U3
U4

0.347265

0.217768

U5a

U5b

U3

0.217768

0.103402
0.103402

U4

U5a

U5b

U5c

U5d

U5e

0.347265

0.051370

0.000122

0.000122

0.009555

0.004011

0.991294

0.000130

0.000122

0.147472

0.320536

0.000305

0.000122

0.290625

0.677332

0.887224

1.000000

0.343611

0.996212

0.037806

U5a

0.051370

0.991294

U5b

0.000122

0.000130

0.000305

U5c

0.000122

0.000122

0.000122

0.887224

U5d

0.009555

0.147472

0.290625

1.000000

0.996212

U5e

0.004011

0.320536

0.677332

0.343611

0.037806

0.870363

C2

U3

U4

U5a

U5b

U5c

U5d

U5e

0.225914

0.000477

0.000126

0.000210

0.001356

0.538816

0.999509

0.878211

0.999989

0.999999

0.789216

0.845719

0.999888

0.958783

0.050741

0.589334

0.206307

0.000453

0.989221

0.003639

U3
U4

0.225914

U5a

0.000477

0.999509

U5b

0.000126

0.878211

0.845719

U5c

0.000210

0.999989

0.999888

0.589334

U5d

0.001356

0.999999

0.958783

0.206307

0.761044

U5e

0.538816

0.789216

0.050741

0.000453

0.003639

0.870363

0.208948
0.447747
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Table 3.22. U. jamaicensis, sex ratio of offspring (combined uterine contents), Chi-square test (χ2) with Yates’ correction for continuity to determine a significant difference (P <
0.05) from a 1: 1 ratio between male (M) and female (F) embryos.

Cycle

M: F

χ2

Yates

P

Yates P

RA CC
C1
C2

130: 113
89: 74
41: 39

1.19
1.38
0.05

1.05
1.20
0.01

0.276
0.240
0.823

0.305
0.273
0.911

Table 3.23. Uterine Fecundity (UF), comparisons of brood sizes between reproductive cycles (Cycle 1, C1; Cycle 2, C2) for female U. jamaicensis that were reproductively active
(RA) and within similar size classes (4, 5, 6, 7), n (number of maternal females), N (number of offspring), two-sample permutation test (non-parametric, Wilcoxon-Mann-Whitney
test on raw values), significance designated α < 0.05.

Class
RA
4

5

5

6

2
0
7

Cycle

𝛘̅

C1

3.30

0.144

1-7

C2

1.46

0.077

C1

1.80

C2

(±) SEM Range Mode

n

N

3

73

241

1-3

1

69

100

0.374

1-3

1

5

9

1.00

0.000

1

1

8

8

C1

2.84

0.128

1-4

3

38

108

C2

1.39

0.111

1-3

1

31

43

C1

3.88

0.202

2-6

3

26

101

C2

1.68

0.127

1-3

2

28

47

C1

5.75

0.629

4-7

6

4

23

C2

1.00

0.000

1

1

2

2

comparison

Stat

P

C1 vs.C2

Z(0.05) = 8.15

2.2x10-16

C1 vs. C2

Z(0.05) = 1.86

0.077

C1 vs. C2

Z(0.05) = 5.65

1.41×10-09

C1 vs. C2

Z(0.05) = 5.77

2.87×10-10

C1 vs. C2

Z(0.05) = 2.08

0.067
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Table 3.24. Fecundity Relationships, ANOVA results from linear regression analyses; y = bx + a, where y = dependent factor (i.e. brood size, embryo size/weight), x = independent
factor (i.e. maternal size/weight, embryo size/weight), root mean square error (RMSE), a = intercept, b = slope, significance (P) designated α < 0.05); n represents the sample size
of maternal females for the first two series of analyses, followed by sample size of term stage (U5e) females for all remaining analyses. Combined Cycles (CC), Cycle 1 (C1), Cycle
2 (C2); fitness was improved during increased fecundity associated with C1.

n

Test Statistic

P

r2

RMSE

a

b

Maternal Size vs. Brood Size (CC)

142

F(0.05) 1, 140 = 29.37

2.55×10-07

0.173

1.245

-5.24 (± 1.415)

0.039 (± 0.007)

Maternal Size vs. Brood Size (C1)

73

F(0.05) 1, 71 = 71.44

2.43×10-12

0.502

0.902

-8.85 (± 1.443)

0.062 (± 0.007)

Maternal Size vs. Brood Size (C2)

69

F(0.05) 1, 67 = 8.26

0.005422

0.110

0.600

-1.29 (± 0.954)

0.014 (± 0.004)

Maternal Weight vs. Brood Size (CC)

142

F(0.05) 1, 140 = 54.24

1.39×10-11

0.279

1.171

-0.43 (± 0.398)

0.006 (± 0.001)

Maternal Weight vs. Brood Size (C1)

73

F(0.05) 1, 71 = 89.14

3.61×10-14

0.557

0.850

-0.23 (± 0.389)

0.01 (± 0.001)

Maternal Weight vs. Brood Size (C2)

69

F(0.05) 1, 67 = 8.24

0.005493

0.110

0.600

0.58 (± 0.312)

0.002 (± 0.001)

Maternal Size vs. Relative Mean Embryo Size (CC)

37

F(0.05) 1, 35 = 23.87

0.000023

0.406

3.777

86.48 (± 9.395)

-0.23 (± 0.048)

Maternal Size vs. Relative Mean Embryo Size (C1)

13

F(0.05) 1, 11 = 13.34

0.003808

0.548

2.926

91.19 (± 14.100)

-0.26 (± 0.072)

Maternal Size vs. Relative Mean Embryo Size (C2)

24

F(0.05) 1, 22 = 12.93

0.001608

0.370

4.197

84.89 (± 12.191)

-0.22 (± 0.062)

Maternal Weight vs. Relative Mean Embryo Weight (CC)

37

F(0.05) 1, 35 = 22.17

0.000039

0.388

1.779

11.77 (± 1.246)

-0.01 (± 0.002)

Maternal Weight vs. Relative Mean Embryo Weight (C1)

13

F(0.05) 1, 11 = 11.61

0.005849

0.514

1.400

10.65 (± 1.579)

-0.01 (± 0.003)

Maternal Weight vs. Relative Mean Embryo Weight (C2)

24

F(0.05) 1, 22 = 10.26

0.004103

0.318

1.992

12.31 (± 1.875)

-0.01 (± 0.004)

Brood Size vs. Relative Mean Embryo Size (CC)

37

F(0.05) 1, 35 = 9.52

0.003948

0.214

1.059

6.64 (± 1.496)

-0.11 (± 0.037)

Brood Size vs. Relative Mean Embryo Size (C1)

13

F(0.05) 1, 11 = 12.37

0.004819

0.529

0.835

11.33 (± 2.314)

-0.20 (± 0.058)

Brood Size vs. Relative Mean Embryo Size (C2)

24

F(0.05) 1, 22 = 8.18

0.009108

0.271

0.440

3.50 (± 0.735)

-0.05 (± 0.018)

Brood Size vs. Relative Mean Embryo Weight (CC)

37

F(0.05) 1, 35 = 15.07

0.000439

0.301

0.998

3.81 (± 0.481)

-0.29 (± 0.074)

Brood Size vs. Relative Mean Embryo Weight (C1)

13

F(0.05) 1, 11 = 13.61

0.003565

0.553

0.814

5.68 (± 0.701)

-0.45 (± 0.122)

Brood Size vs. Relative Mean Embryo Weight (C2)

24

F(0.05) 1, 22 = 13.06

0.001539

0.373

3.614

2.26 (± 0.247)

-0.13 (± 0.036)

Fecundity Relationship

5
2
0
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Table 3.25. Uterine Lateralization Comparisons, Left vs. Right uterine contents (1-sample, paired permutation test) for total observations of combined cycles (CC), cycle 1 (C1),
cycle 2 (C2), and size class (4, 5, 6, 7) (CC, and individually for C1 and C2); n = number of maternal females, N = number of offspring, L = Left uterus, R = Right uterus, significance
designated α < 0.05.

Cycle/Class

𝛘̅

(±) SEM Range Mode

CC

2.40

0.114

1-7

1

C1

3.30

0.144

1-7

C2

1.45

0.076

4

1.31

5

n

N

L

5
2
0

R

Stat

P

142 341 245

96

Z(0.05) = 9.11

2.20×10-16

3

73

241 152

89

Z(0.05) = 5.64

2.91×10-10

1-3

1

69

100

93

7

Z(0.05) = 7.21

2.20×10-16

0.175

1-3

1

13

17

16

1

Z(0.05) = 3.44

0.0001221

2.19

0.123

1-4

1

69

151 110

41

Z(0.05) = 6.21

2.96×10-12

6

2.74

0.191

1-6

2

54

148 103

45

Z(0.05) = 5.53

2.10×10-10

7

4.17

1.078

1-7

6

6

25

16

9

Z(0.05) = 1.81

0.0625

4 C1

1.80

0.374

1-3

1

5

9

8

1

Z(0.05) = 2.11

0.03125

4 C2

1.00

0.000

1-1

1

8

8

8

0

Z(0.05) = 2.83

0.003906

5 C1
5 C2
6 C1
6 C2
7 C1

2.84
1.39
3.89
1.68
5.75

0.128
0.111
0.203
0.127
0.629

1-4
1-3
2-6
1-3
4-7

3
1
3
2
6

38
31
26
28
4

108
43
101
47
23

70
40
60
43
14

38
3
41
4
9

Z(0.05) = 4.06
Z(0.05) = 4.78
Z(0.05) = 3.04
Z(0.05) = 4.63
Z(0.05) = 1.39

1.12×10-05
1.49×10-07
0.0007172
1.12×10-07
0.25

7 C2

1.00

0.000

1-1

1

2

2

2

0

Z(0.05) = 1.41

0.25
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Table 3.26. Comparison of reproductive variables between 3 species of rays with defined or proposed “remnant” biannual periodicity; mating period during the first and second
cycle (mate 1 & mate 2); ovulatory period (ovul 1 & ovul 2); parturition period (part 1 & part 2) and the period of aggregated sperm in the seminal vesicle of males (sperm).
Uncertain, but estimated potential timing of variables are indicated by (?) and 2 nd indicates the second ovulatory surge for D. sabina that fails to mature to ovulatory sized LFD.
Data for U. halleri and D. sabina were accumulated from (Babel, 1967; Lewis, 1982; Maruska et al., 1996; Piercy et al., 2003; Mull et al., 2008, 2010).

Species
U. jamaicensis

U. halleri

D. sabina

5
2
0

Variable
mate 1
mate 2
ovul 1
ovul 2
part 1
part 2
sperm
mate 1
mate 2
ovul 1
ovul 2
part 1
part 2
sperm
mate 1
mate 2
ovul 1
ovul 2
part 1
part 2
sperm

Jan

Feb

Mar

Apr

*

*

*

*

*

*
*

*

*
*

*

*
*

May

Jun

Jul

Aug

Sep

Oct

*

*

*

*

*
*

*
*

*
*

*?

Nov

Dec

?
*?

?
*

*

*
*

*
?

*?
*

*
*?

*

*

*?

?
*

*?
*

*
**

?
*
**

?
*
**

?
*
**

*?

*

?
*

*

*

*

*?

**
?

*
**
?

*
**
?

*

*

?

*
?
*

?

*

?
?

*?

2nd
*?

?

*

*
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8.2.4 Chapter 4
Table 4.1. List of published elasmobranch reproductive studies with histological or ultrastructural descriptions of
uterine structure (incomplete list of placental species).

Mode of Reproduction
Oviparity

Species
Leucoraja erinacea
Raja clavata
Sympterygia acuta
Sympterygia bonapartii
Cephaloscyllium umbratile

Reference
Koob & Hamlett, 1998; Hamlett & Hysell, 1998
Serra-Pereira et al., 2011a
Díaz-Andrade et al., 2013
Díaz-Andrade et al., 2013
Otake, 1990

Yolksac Viviparity

Orectolobus japonicus
Rhinobatos horkelii
Rhinobatos lentiginosus
Squalus acanthias
Squatina japonica
Squalus megalops
Squalus mitsukurii
Zapteryx brevirostris

Otake, 1990
Lessa, 1982; Lessa et al., 1986
Hamlett et al., 1998a, 2005a
Jollie & Jollie, 1967a, b; Hamlett & Hysell, 1998
Otake, 1990
Braccini et al., 2007
Otake, 1990
Colonello et al., 2011

Ovatrophy - Adelphotrophy

Alopias pelagicus
Carcharias taurus
Carcharodon carcharias
Cetorhinus maximus
Lamna ditropis
Carcharhinus acronotus
Carcharhinus falciformis
Iago omanensis
Mustelus canis
Mustelus griseus
Prionace glauca
Rhizoprionodon terraenovae
Scoliodon laticaudus
Scoliodon sorrakowah
Sphyrna tiburo
Mustelus antarcticus
Mustelus manazo
Mustelus schmitti
Pristiophorus cirratum
Torpedo marmorata
Triakis scyllia
Dasyatis sabina
Dasyatis americana
Gymnura poecilura
Himantura bleekeri
Myliobatis goodei
Rhinoptera bonasus
Urobatis halleri
Urobatis jamaicensis

Otake, 1990
Gilmore, 1993; Gilmore et al., 1983, 2005; Hamlett & Hysell, 1998
Sato et al., 2016
Matthews, 1950
Otake, 1990
Hamlett, 1987, 1990b
Gilbert & Schlernitzauer, 1966
Baranes & Wendling, 1981; Hamlett et al., 2002a, 2005b
Hamlett et al., 2002b
Teshima, 1981; Otake, 1990
Otake, 1990
Castro & Wourms, 1993; Hamlett, 1993; Hamlett & Hysell, 1998
Setna & Sarangdhar, 1948; Teshima et al., 1978; Otake, 1990
Setna & Sarangdhar, 1948
Schlernitzauer & Gilbert, 1966
Storrie et al., 2009
Teshima, 1981; Otake, 1990
Galíndez et al., 2010b; Elías, 2015a, b
Stevens, 2001
Uva, 1971
Otake, 1990
Lewis, 1982
Hamlett et al., 1996
Henderson et al., 2014
Chatchavalvanich & Visutthipat, 1997
Colonello et al., 2013
Hamlett et al., 1985; Fisher, 2010
Babel, 1967
LaMarca, 1961; Hamlett & Hysell 1998; current study

Placentotrophy

Mucoidal Histotrophy

Lipid Histotrophy

553

Table 4.2. Comparison of reproductive variables from studies reporting matrotrophic development of the order Myliobatiformes (Lipid Histotrophy)

Dasyatis americana

gestation
(mos.)
4.5-7.5 §

fecundity
(mean)
2-10 (4.2) §

200-340 DW (238) §

F: 16% (1500); M: 30% (800)

Dasyatis centroura

4-5e

2-6 (2.16)

132-144 DW (137)

F: 9-10% (1437/1470); M: 10% (1380)

Dasyatis sabina

4-4.5

1-4 (2.6) §

~100-120 DW (115) §

Dasyatis marmorata

~3

2-4 (2.94)

Gymnura altavela

4-5

2-6 (3.84)

4-12?

1-4 (2.85)

Species

(reported as G. micrura)
Myliobatis aquila
Pteromylaeus bovinus

proportional size at birth (max size)

% change

weight ratio† (g)

Reference

3750a

?/505.9 §

Hamlett et al.,

655/1460*

4.75/143.5: 148.20

Capapé, 1993a

F: 28% (410 - study); F: 31% (370); M: 42% (326) §

3716b

0.2599/9.918

Amesbury, 1997b

98-127 DW (116.2)

F: 26% (440); M: 29% (400)

2464*

2.06/105.63

Capapé & Zaouali, 1995a

260-310 DW (294)

F: 18% (1620); M: 26% (1140)

2960*

4.40/269.30

Capapé et al., 1992a

287-319 DW (300.5)

F: 22.4% (1342) ; M: 33.7% (893)

2201.6*

3.125/71.925

Alkusairy et al., 2014a

4-8 §

160-220 DW §

13-18% (1200) §

3900‡

0.2/10

8-12

265.8 DW

F: 23% (1140); M: 37% (720)

2721*

4.9/276.5

Capapé et al., 2007a

5-6

4

n/a

3084‡

1.916/61

Ranzi, 1932, 1934c

~2

5-6 §

250-275 DW (258.7)

F: 18% (1480); M: 23% (1150)

3007*

5.25/326.25

Seck et al., 2002a

(128)/ ~200 DW §

F: 17%/27% (753); M: 23%/35% (565) §

1628‡

0.93/16.07

Ranzi, 1932c

160-195 DW (181.6)

F: 29.8% (610); M: 31.3% (580)

4739*

2.08/201.3

Hemida et al., 2003a

413 DW §

F: 41% (1000); M: 42% (980) §

3000a

?/1291 §

Hamlett et al., 1985a

2-4

2-7

11-12 §

1

Trygonoptera imitata

9-12d

1-7

200-250 TL (225)

F: 30% (760); M: 31% (734)

900‡a

15/150

Trinnie et al., 2010a

Urolophus bucculentus

15-19

1-5

220-265 TL (250)

F: 28% (885); M: 37% (672)

6150‡

4/250

Trinnie et al., 2012a

Urolophus cruciatus

18-24d

1-4

120-130 TL (125)

F: 28% (442); M: 36% (351)

3900‡a

0.8/32

Trinnie et al., 2016a

Urolophus paucimaculatus

10-12e

1-6

185 max TL, (155)

F: 33% (465); M: 41% (376.5) (Avg. 4 regions)

3767‡a

0.75/29

Trinnie et al., 2014ba

n/a

1-2

170 max TL (160)

F: 32% (494); M: 42% (384)

2456‡a

1.8/46

Trinnie et al., 2014aa

1-3

205 max TL (185)

F: 36% (508); M: 43%(428)

4622‡a

1.8/85

Trinnie et al., 2014aa

1-4 (1.85)

82-130 TL (105)

F: 34% (298); M: 40% (250)

6686‡a

0.0725/4.92

Santander-Neto, 2015

5-6

1-7 (2.39)

80.7 DW (CC)

F: 35% (232); M: 37% (216) (CC)

4590§

0.77/36.11

Fahy et al., 2007a

C1

1-7 (3.28)

78.9 DW (C1)

F: 34% (232); M: 37% (216) (C1)

4490

0.149/6.84

current studyc

C2

1-3 (1.45)

83.1 DW (C2)

F: 36% (232); M: 39% (216) (C2)

5382

0.65/35.63

wet weight (Uj)

4806

0.15/7.537

dry weight (Uj)

Rhinoptera bonasus

Urolophus viridis
(regional variation)
Urotrygon microphthalmum
Urobatis jamaicensis (Uj)

4-5

15/15.6:15.1
25.6
30.6
22.5/22.15

Ranzi, 1932c

n/a

250-279 DW

CBD*

1996a

11-12

3-4
Pteroplatytrygon violacea

size at birth (mm)

28.2
31.12/31.07
47/48.4

a = wet weight; b = dry weight;
c = organic weight (ash free weight)
d = period of diapause (or arrested development), recorded as lengthy range of in utero eggs (Trinnie et al., 2010, 2012)
e = fecundity and size at birth variation: D. centroura, East Atlantic vs. Western Atlantic (Bullis & Struhsaker, 1961); U. paucimaculatus, Victoria vs. Western Australia (White & Potter, 2005)
† = weight ratio of ova to term stage offspring in grams
‡ = erroneous calculations: 1680 % - P. violacea, 4900% - G. micrura, and 3120% - P. bovinus (Needham, 1942); 6250% - U. bucculentus (Trinnie et al., 2012); 1000% - T. imitata (Trinnie et al., 2010); 6786% - U. microphthalmum;
4000% - U. cruciatus (Trinnie et al., 2016)
§ = supplemental data (D. americana – Henningsen, 2000; D. sabina - Snelson et al., 1988; P. violacea- Mollet et al., 2002; G. micrura - Grubbs & Ha, 2006; U. jamaicensis - Fahy unpublished data)
* CBD (Chemical Balance of Development); dry weight is estimated from oviparous Scyliorhinus canicula % water values (ova: 0.5) and (term fetus: 0.75) - (reported value/calculated value)
TL (total length); DW (disk width); F (female); M (male)
CC = Combined cycles (current study)
C1 = Cycle 1 (current study)
C2 = Cycle 2 (current study)

% change = ([final weight – initial weight]/initial weight) × 100
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Table 4.3. Embryonic composition (wet, water, dry, inorganic, and organic weights) of Urobatis jamaicensis with mean (±SEM)
and proportional content (wet weight and dry weight) calculated for uterine ova (n = 11) and term stage embryos (n = 3). (%)
Change was determined with the equation [(embryo-ova)/ova] × 100 (Frazer et al., 2011). All calculations were performed with
unrounded, mean values that differ slightly from rounded, mean values reported in table.

Urobatis jamaicensis

n

Wet Weight
(g)

Water Weight
(g)

Dry Weight
(g)

Inorganic
Weight (g)

Organic
Weight (g)

Uterine Ova

11

0.62 ± 0.059

0.498 ± 0.013

0.154 ± 0.047

0.005 ± 0.002

0.149 ± 0.014

(0.32 - 0.88)

(0.24 - 0.69)

(0.08 - 0.20)

(0.0 - 0.02)

(0.08 - 0.20)

36.80 ± 1.77

29.26 ± 1.12

7.54 ± 0.67

0.693 ± 0.05

6.84 ± 0.67

(33.81 - 39.92)

(27.52 - 31.34)

(6.29 - 8.58)

(0.59 - 0.77)

(5.57 - 7.81)

5545.75
n/a

5774.03
76.2%

4805.52
23.8%

15153.33
0.7%

4490.04
22.9%

Term Stage Embryo

n/a

79.6%

20.4%

1.9%

18.5%

Content (Dry Weight) Ova

n/a

n/a

n/a

3.6%

96.4%

Term Stage Embryo

n/a

n/a

n/a

9.3%

90.7%

(Range)
Term Stage Embryo

3

(Range)
(%) Change
Content (Wet Weight) Ova

Total Observations (Ova)

41

0.66 ± 0.026

(0.17 - 0.95)a

Total Observations (Embryo)

53

30.25 ± 1.027

(18.44 - 53.3)a

4484.2

7975.8 (max)*

(%) Change
CBD 50% Water Content
(Ova)
CBD 75% Water Content
(Embryo)

0.330 ± 0.013
7.56 ± 0.257

22.92b
2192.1%c

a

range of wet weight values for total observations, current study

b

CBD (Chemical Balance of Development) calculated as mean estimated dry weights of (uterine ova/term embryo)

c

CBD values were used to determine (%) change for comparison with the above analyses; dry weight estimates for CBD
(Capapé methods) were based on reported values of the oviparous S. canicula, which assumes water content of ova (50%) and
embryos (75%), thus 50% and 25% of wet weight, respectively.
* maximum embryo wet weight (53.3 g) and mean uterine ova (0.66 g) were used to calculate (%) Change for comparison with
Urolophus bucculentus extreme values (Trinnie et al., 2012)
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8.2.5 Chapter 5
Table 5.1. List of published chondrichthyan reproductive studies with gross, histological or ultrastructural descriptions of oviducal gland structure

Order

Reference

Chimaeriformes
Chiloscyllium griseum
Hydrolagus colliei
Callorhinchus milii

(Aiyar & Nalini, 1938; Nalini, 1940; Krishnan, 1959)
(Stanley, 1963; Prasad, 1948)
(Smith et al., 2004; Hamlett et al., 2005c)

Rhinopristiformes
Pristis cuspidatus

(Prasad, 1945a, 1951)

Pristiophoriformes
Pristiophorus cirratus
Etmopterus spinax
Centroscymnus coelolepis
Squalus acanthias

(Hamlett et al., 2005c)
(Porcu et al., 2014)
(Moura et al., 2011b)
(Filhol & Garrault, 1938; Hamlett et al., 1998b, 1999a, 2005c)

5
2
0

Carcharhiniformes
Carcharhinus dussumieri
Carcharhinus falciformis
Carcharhinus melanopterus
Carcharhinus obscurus
Carcharhinus plumbeus
Chaenogaleus macrostoma
Cephaloscyllium ventriosum
Eusphyra blochii*
Galeocerdo cuvier*
Iago omanensis
Mustelus asterias
Mustelus antarcticus
Mustelus canis
Mustelus mustelus or M.
asterias?*
Mustelus schmitti

(Prasad, 1945a, 1951)
(Galván-Tirado et al., 2015)
(Prasad, 1945a)
(Pratt, 1993)
(Pratt, 1993; Piercy et al., 2016)
(Prasad, 1945a, 1951)
(Grover, 1970)
(Prasad, 1945b)
(Prasad, 1945b, 1951; Pratt, 1993)
(Fishelson & Baranes, 1998; Hamlett et al., 2002a, 2005c; Henderson et al., 2006)
(Farrell et al., 2014)
(Storrie et al., 2008)
(TeWinkel, 1950; Nash, 1963; Hamlett et al., 1998b, 1999a, 2002b, 2005c; Conrath & Musick, 2002)
(Filhol & Garrault, 1938)
(Elias, 2015b, c)
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Prionace glauca*
Rhizoprionodon acutus*
Rhizoprionodon oligolinx?*
Rhizoprionodon taylori
Rhizoprionodon terraenovae
Scyliorhinus stellaris*
Scyliorhinus canicula*
Scoliodon laticaudus
Sphyrna tiburo
Sphyrna lewini
Lamniformes
Alopias vulpinus
Cetorhinus maximus
Carcharias taurus*
Lamna nasus
Rajiformes
Amblyraja radiata*
Dipturus batis*
Dipturus oxyrinchus
Sympterygia acuta
Sympterygia bonapartii
Raja clavata
Raja miraletus
Leucoraja erinacea*
Raja eglanteria
Raja rhina
Rhinobatiformes
Platyrhinoidis triseriatus
Rhinobatos granulatus*
Rhinobatos horkelii
Rhinobatos lentiginosus
Rhynchobatus djiddensis

(Pratt, 1979, 1993; Montealegre-Quijano et al., 2014; Rangel et al., 2015)
(Prasad, 1945a, 1951; Henderson et al., 2006; Ba et al., 2013)
(Prasad, 1945a, 1951)
(Simpfendorfer, 1992)
(Parsons, 1983; Pratt, 1993; Hamlett & Koob, 1999)
(Perravex, 1884; Borcea, 1904, 1906; Hamlett et al., 1998b)
(Perravex, 1884; Henneguy, 1893; Borcea, 1904, 1906; Widakowich, 1906; Filhol & Garrault, 1938; Metten, 1939,
1944; Threadgold, 1957; Rusaoüen, 1976; Mellinger, 1983; Hamlett et al., 1998b; Rusaouën-Innocent 1990; Feng
& Knight, 1992; Knight & Feng, 1992; Knight et al., 1996)
(Prasad, 1945a, Prasad, 1951)
(Pratt, 1993; Gelsleichter & Manire, 2000; Gonzalez de Acevedo, 2014)
(Pratt, 1993; Hazin et al., 2001)
(Pratt, 1993)
(Matthews, 1950)
(Gilmore et al., 1983, 2005)
(Pratt, 1993)
(Hobson, 1930; Templeman, 1982)
(Filhol & Garrault, 1938)
(Marongiu et al., 2015)
(Galíndez & Estecondo, 2008)
(Galíndez et al., 2010a)
(Holden, 1975; Serra-Pereira et al., 2011a, 2011b)
(Filhol & Garrault, 1938; Marongiu et al., 2015)
(Hamlett et al., 1998b)
(Nash, 1963; Hamlett et al., 1998b, 1999a, 2005c; Hamlett & Koob, 1999)
(Prasad, 1948)
(Prasad, 1948)
(Prasad, 1945a, 1951)
(Lessa et al., 1986)
(Hamlett et al., 1998a)
(Prasad, 1945a, 1951)
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Myliobatiformes
Aetomylaeus nichofii *
(Prasad, 1945b)
Gymnura poecilura*
(Prasad, 1945b; Henderson et al., 2014)
Himantura bleekeri*
(Chatchavalvanich & Visutthipat, 1997)
Potamotrygon magdalenae
(del Mar Pedreros‐Sierra et al., 2016)
Urobatis halleri*
(Babel, 1967)
Urobatis jamaicensis*
(LaMarca, 1961; Hamlett et al., 1996c, 1998b, 1999a, 2005c; Hamlett & Koob, 1999; current study)
Urotrygon venezuelae
Acero et al., 2008
* corrections for current taxonomical status (Eschmeyer, 2017): Scyliorhinus (=Scyllium) canicula (Perravex, 1884; Henneguy, 1893; Widakowich, 1906); S.
canicula (=Scyliorhinus caniculus) (Threadgold, 1957); Scyliorhinus stellaris (=Scyllium catalus) (Perravex, 1884; Borcea, 1904, 1906); Amblyraja (=Raia) radiata
(Hobson, 1930; Templeman, 1982); Dipturus (=Raja) batis (Filhol & Garrault, 1938); Mustelus or M. asterias (=M. vulgaris) (Filhol & Garrault, 1938); Squalus
acanthias (=Acanthias vulgaris) (Filhol & Garrault, 1938); Rhinobatos (=Rhinobatus) granulatus (Filhol & Garrault, 1938); Chaenogaleus macrostoma
(=Hemigaleus balfouri), Scoliodon laticaudus (= Scoliodon sorrakowah), Rhizoprionodon oligolinx (=S. palasorrah), Rhizoprionodon acutus (=Scoliodon
walbeehmi) (Prasad, 1945a, 1951); Galeocerdo cuvier (=G. tigrinus), Aetomylaeus nichofii (=Myliobatus nieuhofii), Eusphyra (=Sphyrna) blochii, Gymnura
poecilura (=Pteroplatea micrura) (Prasad, 1945b, 1951); Galeocerdo cuvier (=G. cuvieri) (Pratt, 1993); Carcharias (=Odontaspsis) taurus (Gilmore et al., 1983);
Himantura (=Dasyatis) bleekeri (Chatchavalvanich & Visutthipat, 1997); Urobatis (=Urolophus) halleri (Babel, 1967); Urobatis (=Urolophus) jamaicensis
(LaMarca, 1961; Hamlett et al., 1996c, 1998b, 1999a; Hamlett & Koob, 1999).
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